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Abstract 
Energy saving objectives have arisen recently in all sectors of life due to the climate change scenar-
ios and depletion of fossil energy resources. In boreal and northern temperate climate zone coun-
tries one of the most energy intensive operations in arable farming is grain preservation, which in 
most cases means drying. This work focused on examining the energy use and energy saving possi-
bilities in grain drying, and grain preservation in general, from several aspects. The main focus was 
in Finnish conditions, but the results can be applied also in other areas, when applicable. In addition 
to the energy aspect, some economic considerations were conducted, since economic profit is the 
ultimate decision making factor for farmers. 
 The principal method for grain preservation in Finland is hot-air drying. Energy use and en-
ergy savings in drying hence constituted the major part of the research work included herein. The 
aim of the work was to produce information that could be easily utilized in current farming prac-
tices. Therefore all the experiments and measurements were conducted in grain recirculating 
mixed-flow hot-air dryer, which is the most common grain dryer type in Finland. 
 The energy utilization in dryer was first examined and energy losses identified, and three 
energy saving methods were chosen for closer consideration: 1) controlling the air flow rate and 
temperature of the drying air (publications I and II), 2) heat insulation of the dryer device (III) and 
3)  heat  recovery  from the dryer  exhaust  air  (IV).  The aim of  the method 1)  was to  improve the 
utilization of the supplied heat energy by increasing the humidity of the dryer exhaust air and thus 
reducing the energy losses via sensible heat in the exhaust air. Method 2) aimed to eliminate the 
heat losses from the dryer surfaces by the heat insulation. Method 3) focused on recovering the 
sensible as well as latent heat from the dryer exhaust air with a passive parallel plate heat ex-
changer. 
 In addition to the energy saving potential in drying, also the possibilities for enhanced use 
of alternative moist grain preservation methods and their effects on the energy consumption in 
grain preservation were examined (publication V). While drying is practically the only suitable 
preservation method for market quality grain in Finnish conditions, moist grain preservation meth-
ods could be applied basically for all home-grown grain used for animal feeding, which represents 
roughly one third of the total annual grain yield in Finland. The examined moist grain preservation 
methods were airtight preservation, acid preservation of whole grains and grain crimping (ensiling). 
The energy saving possibilities with these methods, compared to the current situation, were eval-
uated by theoretical calculations. 
 The results indicated that considerable energy savings could be achieved by the methods 
examined in publications I to V. The drying process control method produced energy savings of 5–
15%, depending on the grain species, compared to conventional drying method. The energy savings 
achieved by the heat insulation were 16–21% in the examined dryer. Heat recovery method saved 
on average 18% energy compared to the conventional system, and energy savings up to 40% were 
suggested for passive heat recovery by the theoretical model developed in the publication IV. Moist 
grain preservation methods for preserving home-grown feed grain provided energy savings of 50–
90% compared to drying. The combined energy saving potential of the examined methods was 20–
43% of the total energy consumption in grain preservation at the present situation, when the real-
izable potential was considered. 
 It was concluded that significant energy saving possibilities exist in current grain preserva-
tion practices and their utilization could aid to reduce the energy consumption in the agricultural 
sector and thus to achieve the energy saving objectives set by authorities. Energy savings of 5–11% 
of the total direct energy use in arable the farming sector could be achieved. However, even the 
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relatively large energy savings would have quite a modest effect on the economy of farming with 
the current energy prices, which indicates that the direct energy inputs are still relatively cheap, 
compared to other inputs. While energy prices are expected to rise in the long term, energy saving 
measures will become more viable for the economy of farms in the future, which is the ultimate 
incentive for more energy efficient production. 
 
Key words: Grain drying, grain preservation, energy efficiency, drying process control, grain dryer 
heat insulation, heat recovery, heat exchanger 
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List of symbols and abbreviations 
Symbol  Unit   Description 
a     Grain dependent coefficient, see equation (10) 
b     Grain dependent coefficient, see equation (10) 
aw     Water activity 
C     Constant, see equation (1) 
ca  kJ kg-1 °C-1  Specific heat of air 
cd  kJ kg-1 °C-1  Specific heat of grain dry matter 
cv  kJ kg-1 °C-1  Specific heat of water vapour 
cw  kJ kg-1 °C-1  Specific heat of water 
Dx  kg s-1   Evaporation rate 
d.b.     Dry mass basis 
E     Constant, see equation (1) 
Eev  J   Energy used for evaporation 
Eeq  J   Evaporation energy in equilibrium conditions 
ES  J kg-1, MJ kg-1 [water] Specific energy consumption 
F     Constant, see equation (1) 
K     Grain dependent coefficient, see equation (2) 
H  kJ kg-1   Specific enthalpy of air 
Hamb  kJ kg-1   Specific enthalpy of ambient air 
Hout  kJ kg-1   Specific enthalpy of dryer outlet air 
IR     Infrared radiation 
lv  kJ kg-1   Latent heat of evaporation of water 
*
vl   kJ kg-1   Latent heat of evaporation of water in grain 
M     Moisture content, decimal d.b. 
Meq  %   Equilibrium moisture content, decimal d.b. 
MO     Initial moisture content, decimal d.b. 
m  kg   Mass of grain 
ma  kg   Mass of dry air 
mw  kg   Mass of evaporated water 
n     Grain dependent coefficient, see equation (2) 
Pe  kW   Heat power used for evaporation 
PH  kW   Heat power in the air flow 
Phg  kW   Power used for heating the grain 
PS  kW   Sensible heat power in the air flow 
Qh  J   Supplied heat energy 
qm  kg s-1   Mass flow rate of air 
RF     Radiofrequency radiation 
RH  %, decimal  Relative humidity 
T  °C,  K    Temperature 
t  min,  s    Time 
w Moisture content, decimal w.b. (this expression is used for 
moisture content, unless stated otherwise) 
w.b.      Wet mass basis 
x  kg [water] kg-1  [air] Specific humidity of air 
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xamb  kg [water] kg-1  [air] Specific humidity of ambient air 
xin  kg [water] kg-1  [air] Specific humidity of dryer supply air 
xout  kg [water] kg-1  [air] Specific humidity of dryer outlet air 
xeq,out  kg [water] kg
-1  [air] Specific humidity at equilibrium conditions 
ȘE     Energy efficiency, see equation (4) 
Șp     Process efficiency, see equation (7) 
ȘT     Thermal efficiency, see equation (5) 
Șmax     Maximum energy efficiency, see equation (6) 
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1 Introduction 
Use of energy has taken an important role in public and political discussions as well as in scientific 
research during the recent decades. The principal drivers for this have been depletion of the fossil 
energy  resources  and  the  greenhouse  gases  emerging  from  combustion  of  fossil  fuels.  The  CO2 
emissions from fossil fuels have been considered as the principal reason for the accelerating green-
house effect, which leads to the phenomenon commonly known as climate change (Ledley et al. 
1999). Together with the increasing world population and elevated living standards, there is an ever 
increasing demand for the existing, decreasing natural resources (Foley et al. 2011). Therefore it 
has become essential to discover new, clean energy sources, but in the meanwhile also to improve 
the energy efficiency of our current society. 
Energy efficiency of production systems can be examined by means of energy analysis (Fluck 1992). 
Energy analysis is conducted by identifying and quantifying all energy inputs, both direct energy 
contained within the energy commodities (fuels, electricity etc.) and indirect energy embodied in 
the production inputs, which cross the boundary that has been defined for the examined system or 
process. In agriculture energy analysis the system boundary is typically the farm gate, but it can be 
also something else, for example a field, livestock unit or grain dryer. When all the energy embodied 
in the system outputs is related to the energy inputs, the energy ratio can be calculated. This is a 
common analysis method for agricultural products (Fluck 1992). Energy analysis helps to under-
stand the energy flows within the system, and it can thus be used to reveal the significant energy 
consumers, as well as to evaluate the effect of changes in the inputs or outputs on the function and 
energy balance of the system. 
The European Union has set its own energy efficiency targets for the member states in order to 
reduce the dependence on energy imports, to increase sustainability and to limit the climate 
change. According to the directive 2012/27/EU, the European Union member states have an obli-
gation to reduce the union level primary energy consumption by 20% by the year 2020, compared 
to the projections made in 2007 (European Union 2012). These energy saving objectives apply also 
to agriculture, which is in developed countries strongly dependent on the external energy inputs 
(Fluck 1992). However, in the light of statistics, the energy use in Finnish agriculture is not excep-
tionally  high with respect  to  the gross  domestic  product.  In  2010 agriculture  used 3% of  all  the 
energy consumed in Finland, while its share of the gross domestic product in the same year was 
2.7% (Statistics Finland 2015; Tike 2012). Even the northern location does not produce a significant 
addition to the energy consumption, as the estimated share of the final energy consumption in the 
agriculture and forestry sector in the EU-27 countries was 2.2% of the total final energy consump-
tion in the economy in 2008 (AGREE 2012). 
As a matter of fact, agriculture, and arable farming in particular, is one of the rare commodity in-
dustries which has a positive energy ratio (Mikkola and Ahokas 2009). This is due to the fact that 
the major energy input, the sun radiation used by the plants in photosynthesis, is usually ignored 
in the energy analyses. Another notable thing, considering the figures presented above, is that ag-
riculture has only a small share of the total energy consumption, and therefore the energy saving 
measures in agriculture alone will not have very extensive significance compared to the rest of the 
economy.  However,  the energy efficiency objectives  apply  to  all  industry  sectors,  and the small  
streams combined create a large river. Furthermore, the energy efficiency may have a notable in-
fluence on the economy of farming, especially if energy prices rise significantly in the future.  
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While looking at the energy use statistics above, it must be noted that they include only the direct 
energy use, while the major part of energy in agriculture is consumed as indirect energy, mainly 
through manufacturing of nitrogen fertilizers (Mikkola and Ahokas 2009). However, the yield re-
sponse of the cultivated plants on the nitrogen fertilization is good, and a reduction in the fertilizing 
rate would not thus produce any significant improvement in the energy ratio. Energy savings of 
some extent could certainly be achieved by more precise targeting of the nitrogen fertilization, but 
there are currently few options for the mineral fertilizers, which could secure the present food pro-
duction and the economy of farming at the same time. Therefore it is reasonable, and often also 
easiest, to start the energy optimizing measures from the direct energy inputs. 
In boreal and northern temperate climate zone countries one of the largest energy inputs in arable 
farming is grain preservation (Mikkola and Ahokas 2009), which in most cases means drying. For 
example in barley (Hordeum vulgare) production in Finland, drying consumes on average ca. 11% 
of all energy inputs and ca. 30% of direct energy inputs, and in poor harvest conditions the energy 
consumption in drying can be equal to that of all of the field operations added together (Mikkola 
and Ahokas 2009). On a national level, the fuel oil used for grain drying represented 7% of the total 
energy consumption in agriculture in 2013. This is a relatively high figure considering the short op-
erating period of  the grain  dryers,  as  it  is  equal  to,  for  example,  nearly  half  of  the total  electric  
energy consumption (15% of total energy use) in agriculture (Luke 2014a). The present grain preser-
vation methods offer several opportunities to reduce the energy use and thus improve the energy 
efficiency of the entire farming system (I–V). Due to the relatively high energy consumption in grain 
preservation at the present situation, even moderate energy saving measures would have a notable 
effect on the energy efficiency of arable farming, and further, on the economy of individual farms. 
 
 
 
 
 
 
 
 
 
Figure 1. Classification of farm management activities and decisions and their effect on energy con-
sumption and energy ratio. 
In order to improve the energy efficiency of grain preservation, a comprehensive analytical under-
standing of the causations between farm management activities and decisions and the energy con-
sumption is needed. Classification to examine these causations is presented in Figure 1. This model 
can be applied also to farm operations other than drying, and also, to some extent, to economic 
costs and balance. The factors influencing the energy consumption are divided roughly into three 
categories: application level, methodological choices and general management. The highest level, 
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• Selection of cultivation crops and varieties 
Large impact on the energy ratio 
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general management, includes factors which are not directly connected to the grain preservation, 
but may have a large indirect impact on it, for example via the moisture content in which the har-
vested grain arrives to the dryer. The next level, methodological choices, defines the type of the 
methods chosen to conduct a certain task. In grain preservation this can include for example the 
decision between drying and other grain preservation methods. This level was covered by publica-
tion V. The third class, application level, includes the technological choices within the chosen meth-
ods, as well as the management of the selected technology. This was covered by the publications I 
to IV. 
  
12 
 
2 Objectives 
The aim of the studies included in this dissertation was to evaluate the energy saving possibilities 
in grain drying, as well as in grain preservation in general, as one possible approach to assist to 
achieve the national and EU-level energy efficiency requirements. The thesis was written to capture 
all the results received from the included research work, and, aided by the classification presented 
in Figure 1, to create a larger picture of the causations between energy efficiency in grain preser-
vation and farm management. The principal objectives of the work were: 
1) To create an insight into grain preservation from the aspect of energy use; 
2) To examine the energy saving possibilities in typical Finnish grain drying systems (I-IV); 
3) To examine the national level energy saving possibilities provided by the enhanced use of 
moist grain preservation methods (V); and 
4) To recognize and define the causations between grain preservation and farm management 
activities and choices. 
Additionally, as the grain preservation, and especially drying, causes significant economic costs, the 
results from this work can be used to improve the competitiveness of the agricultural production 
of northern countries in the global food markets. Therefore, the focus of all the research activities 
included in this work were very close to practical farming, and the target was to produce infor-
mation that could be utilized in the current farming practices. The main focus in this work was in 
Finnish conditions, but the results can be applied also in other areas. 
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3 Theory and practice of grain preservation 
As grain is grown in the natural outdoor environment, the surfaces of whole grains are always in-
fected by some micro-organisms, such as yeasts, fungi and bacteria (Loewer et al. 1994). In favour-
able conditions these micro-organisms will consume the grain nutrients for growth and reproduc-
tion, which will cause spoilage of the grain. The micro-organisms can also produce toxic compounds, 
which may cause illness or even death to animals or humans who are consuming the deteriorated 
grain (Loewer et al. 1994). The crucial factors influencing the growth of micro-organisms are mois-
ture content, temperature, oxygen supply, pH-level and the physical condition of the grain. The 
growth of micro-organisms can be prevented, or suppressed to an acceptable level, by altering at 
least one of these factors. The most important factor is moisture content; if the moisture content 
of grain is sufficiently low, the other factors have little influence on the spoilage of the grain (Loewer 
et al. 1994). Additionally, when stored in high moisture, the grain will start to germinate, which will 
eventually spoil the grain as well (Oaxley 1948).  
Gould (2000) listed the major existing technologies that slow down or prevent the growth of micro-
organisms in food preservation. The same principles apply to grain preservation in agricultural pro-
duction. Table 1 connects these technologies, and their impact mechanisms, to the current principal 
grain preservation methods examined in publication V. Additionally, there are techniques that in-
activate the micro-organisms and thus contribute the preservation, for example heat sterilization 
and different kind of radiation processing (Nelson 1962; Gould 2000; Hidaka and Kubota 2006). 
According to Table 1, the water activity in food material can be reduced by drying, adding salt or 
conserving with added sugar (Gould 2000). The latter two methods are obviously not suitable for 
agriculture storage solutions due to the vast amounts of the material to be stored and the effects 
they would have on the grain properties. Therefore, the only suitable method for decreasing the 
water activity in practical, large scale grain preservation is drying. 
Table 1. Principal technologies to slow down or prevent the growth of micro-organisms in food 
preservation, their impact mechanisms and applications in grain preservation (Gould 2000). 
Technology Impact mechanisms Application in grain preserva-
tion 
Reduction in water activity Drying, curing with added salt, 
conserving with added sugar 
Natural or artificial drying 
Reduction in pH Acidification, fermentation Ensiling, acid preservation 
Removal of oxygen Vacuum or modified atmos-
phere packaging 
Airtight preservation 
Modified atmosphere packag-
ing 
Replacement of air with CO2 or 
other gas 
Airtight (gas proof) preserva-
tion 
Addition of preservatives Several - 
Reduction in temperature Chill storage, frozen storage Grain cooling 
 
There are several factors that require attention considering the choice of the grain preservation 
method, such as the end-use purpose of grain, storage duration, and the need to move and handle 
the grain. The most crucial of these is the end-use purpose, as the end use possibilities of the grain 
are often determined or limited by the preservation method. Table 2 lists the most common end-
uses of grain, and the applicability of the preservation methods for each end-use purpose. The es-
sential factor is maintaining the viability of the grain. When the grain is intended to be used for seed 
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or malt, the vital functions of the grain, including the ability to germinate, must be maintained 
(Hankkija 2015; Raisioagro 2015). Also the baking qualities of the grain are connected to the germi-
nation rate (Järvenpää 1992), which means that the viability of the grain must be maintained also 
when it is to be used for baking. 
Table 2. Applicability of different grain preservation methods for different end use purposes of grain 
(Lundin 1984). 
 End use purpose of grain 
Preservation method Feed Food Seed Malt 
Drying X x x x 
Airtight preservation X    
Preservative (including grain 
crimping) 
X    
Grain cooling X x x x 
 
As the dormant grain is alive after harvesting, it needs to respire (Justice and Bass 1978; Oaxley 
1948). While alternative preservation methods prevent the respiration, the vital functions of grain 
will be terminated soon after the preservation.  In animal feeding applications maintaining the via-
bility of grain is not necessary, and a wider range of preservation methods can be used (Druvefors 
et al. 2002). The use of grain for technical purposes, such as bioethanol production, is not included 
in Table 2. Moist grain preservation methods of grain do not, however, decrease the ethanol yield 
in bioethanol production but may instead increase it (Almgren 2010; Nowak 2008). 
The predominant method of the grain preservation methods introduced in Tables 1 and 2 is drying. 
In Finland the average harvest moisture content of small grain cereals is ca. 20.5% w.b. (Sieviläinen 
2008), while the moisture content limit for the market quality cereals is 14% w.b. (from now on the 
moisture content in the text refers to wet mass basis, unless stated otherwise) (Avena 2015; Hank-
kija 2015; Raisioagro 2015). Drying is therefore applied to 85–90% of the total Finnish grain yield 
(Palva et al. 2005). The most common drying method is hot-air drying (Lötjönen and Pentti 2005), 
and even though ambient air drying is also used for small part of the yield, it has been ignored in 
this work since no statistical information about the extent of ambient air drying exists. 
The popularity of hot-air drying amongst farmers is most likely based on the flexibility of the method 
as well as familiar and proven technology; drying does not limit the end-use possibilities of the yield, 
it ensures effortless, safe long term storage in all conditions and moving, handling and transporta-
tion of the dried grain is easy (Loewer et al.  1994; Pabis et al.  1998; Raghavan and Sosle, 2007). 
However, hot-air drying is an energy intensive operation. Alternative grain preservation methods 
could thus offer remarkable energy savings, and also economic benefits compared to drying, as 
discussed in the publication V. The alternative preservation methods have, however, some draw-
backs and limitations, and they will be discussed in greater detail later in this work. Hot-air drying 
offers several energy saving possibilities as well, compared to the current common practices. These 
were examined in publications I to IV. 
The principal current grain preservation methods will be introduced shortly in the following chap-
ters. It must be noted that grain preservation, and especially drying, is a complex process and sev-
15 
 
eral textbooks have been written about drying only (Hautala et al. 2113; Loewer et al. 1994; Mu-
jumdar 2007; Pabis et al. 1998). A comprehensive presentation is not given in this context, but a 
short introduction is provided instead. 
3.1 Grain drying 
Artificial grain drying is a process in which the moisture is removed artificially from the grain after 
it has been harvested, while natural drying occurs in the field by the aid of solar energy and wind. 
Artificial drying is often necessary to achieve a sufficient reduction in moisture content of crops for 
successful storage, but it can also be used in order to avoid harvest losses, to improve the quality 
of the grain, to prolong the harvest period, to enhance the performance of the harvest system and 
to benefit from the price fluctuation of the products by prolonged storage (Henderson 1997; 
Loewer et al.  1994; Pabis et al.  1998; Raghavan and Sosle 2007). Drying also decreases the bulk 
weight of grains, which may help to reduce transportation costs (Delele et al. 2015; Mujumdar and 
Law 2010). 
3.1.1 Water activity and growth of micro-organisms 
As moisture is the most important factor affecting the growth of micro-organisms, an effective way 
to prevent their growth is making the water unavailable for them. This can be done by reducing the 
water activity (aw) in the material (Gould 2000). Water activity is commonly used to predict the 
stability of foodstuff, as the growth of micro-organisms is strongly dependent on it. Water activity 
is expressed by values from 0 to 1, which equate to air equilibrium relative humidities of 0 to 100 
%, respectively (Gould 2000). The equilibrium relative humidity, in turn, defines the humidity in 
which the air inside the bulk material will settle, depending on the material moisture content and 
temperature and assuming that no gas exchange between the material and the surroundings exists 
(Loewer et al. 1994). When the moisture content of material is in equilibrium with the relative hu-
midity of air, no net movement of moisture in neither direction exists (Henderson et al. 1997). Equi-
librium moisture content for grain can be calculated, for example, by the Pfost equation (Pabis et 
al. 1998): 
]ln)(ln[ RHCTFEM eq        (1) 
where, 
Meq = equilibrium moisture content, decimal d.b. 
E, F, C = grain dependent coefficients 
T = temperature, °C 
RH = relative humidity of air, decimal 
 
The equilibrium moisture contents of wheat (Triticum aestivum) at three different temperatures, 
according to Equation (1) and with the coefficients E, F and C given by Pabis et al. (1998), are pre-
sented if Figure 2. According to Gould (2000), few bacteria can grow below a water activity of 0.86, 
and below the aw of  0.6  no micro-organisms are  able  to  grow.  According to  Figure 2,  the water  
activity of 0.6 (air relative humidity of 60%) corresponds to the moisture contents of ca. 14.6–12.6% 
for wheat at the temperatures of 0–30°C, respectively. In practice the micro-organism activity does 
not have to be completely inhibited, but suppressed to a harmless level. According to Sokhansanj 
and Jayas (2007), the activity of many micro-organisms and insects is inhibited when the relative 
humidity of air is below 70 %. In Finnish climate conditions the upper limit for the long-term storage 
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moisture of the common grains has been defined as 14%, which, according to the Figure 2, corre-
sponds to the air relative humidities of ca. 55–70% at the temperature of 0–30°C, respectively. Thus, 
while temperature rises, the equilibrium relative humidity corresponding to certain moisture con-
tent increases, which means that in warmer climate areas the grain has to be drier for successful 
storage compared to cooler climate areas. 
 
Figure 2. Moisture content of wheat and relative humidity of air in the equilibrium point at the 
temperatures of 0, 15 and 30 °C, according to Equation (1) and with the coefficients E, F and C given 
by Pabis et al. (1998). 
3.1.2 Principles of grain drying 
Drying systems include two processes, which occur simultaneously: 1) transfer of energy to evapo-
rate moisture from the surface of the solid and 2) transfer of internal moisture to the surface of the 
solid (Mujumdar 2007). Additionally, the evaporated water has to be transported away from the 
surroundings of the solid, which is performed by the drying medium, usually air. Energy for evapo-
ration can be supplied by convection, conduction or radiation, or in some cases also by a combina-
tion of these methods. (Mujumdar 2007) In convective drying the energy for evaporation is trans-
ferred to the material to be dried as sensible heat of the drying medium and the method is also 
referred as direct drying. In conductive and radiation drying the energy is transferred directly to the 
solid by conduction through the dryer structures or as radiant heat, and the methods are referred 
as indirect drying. In each case the material must be in contact with a medium, usually air, to re-
move the evaporated water from the material and its surroundings (Sokhansanj and Jayas 2007). 
In grain drying the principal method is convective process with air as the heat transfer medium, and 
the drying processes discussed here refer to this method, unless stated otherwise. 
The aim of drying is to decrease the water activity in the grain to suppress the microbiological ac-
tivity and to retain the dormancy of the grain (Oxley 1948). While the water is absorbed into the 
grain by several mechanisms, the interest in drying lies on the water which is available for micro-
organisms. This concerns the free water on the surface of the grain solids and partially the physical-
chemically absorbed water, which is bound to the grain pores by physical mechanisms or absorbed 
in the grain solid material (Henderson et al. 1997; Oxley 1948).  When the moisture content of the 
grain is greater than the equilibrium moisture content at the present air relative humidity and tem-
perature, the difference in the partial water vapour pressure between the grain and the air creates 
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a pressure gradient, which causes the water to diffuse from the grain to the surrounding air. Tem-
perature of the air amongst the grain solids decreases and the relative humidity increases until, 
when given enough time, the saturation point of air is reached, or the relative humidity of air comes 
to equilibrium with the moisture content of the grain (Henderson et al. 1997; Monteith and Un-
sworth 1990). 
The drying process is often examined as thin-layer drying, where the grain particles are assumed to 
be fully exposed to the drying air flow (Henderson et al. 1997). The process can be divided in two 
stages: constant drying rate period and falling rate period. During the constant drying rate period, 
the evaporation occurs comparable to the free water surface, and the drying rate is determined 
mainly by the properties of the surrounding air rather than the solid grain material. During the fall-
ing rate period, when all the free water has evaporated, the drying rate is controlled by the diffusion 
of water from inner parts of the grain particles to the surface (Henderson et al. 1997; Pabis et al. 
1998). Drying during the falling rate period is bounded by the equilibrium moisture content (Figure 
2), which begins to limit the evaporation rate while the moisture content of the grain decreases. 
This is due to the fact that the relative humidity (RH) of the drying air cannot exceed the equilibrium 
relative humidity at any point of the thin-layer drying process, assuming that the RH of the supply 
air is lower than the equilibrium RH (Henderson et al. 1997; Pabis et al. 1998). The absorption of 
water by biological materials is a very complex process and it is not fully understood (Henderson et 
al. 1997). Several empirical and theoretical equations have been developed to describe thin-layer 
drying, such as the commonly used, semi-empirical equation by Page (1949, ref. Sinicio et al. 1994): 
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        (2) 
where, 
M = grain moisture content, decimal d.b. 
Meq = equilibrium moisture content, decimal d.b. 
Mo = initial moisture content, decimal d.b. 
t = duration, min 
K,n = grain dependent coefficients 
 
Equation (2) is based on the assumption that drying rate is proportional to the difference between 
the moisture content of material and the equilibrium moisture content under the prevailing condi-
tions. It gives a rather good estimation at medium relative humidities, and can thus be used to 
describe several drying processes (Henderson et al. 1997). Equation (2) enables the calculation of 
drying time for given moisture contents, as well as calculation of moisture content in a point in time 
during the falling rate period in thin-layer drying. 
Since there is only a small volume of air between the whole grains in the grain bulk, the equilibrium 
conditions in the moist grain will be reached quickly and drying will stop, unless the evaporated 
water is transported away from the surroundings of the solid. Therefore air has two missions in 
drying applications: in addition to creating the pressure gradient to cause the water diffusion within 
and from the grain, the air is used to carry the evaporated water away from the surroundings of 
the solid grain bodies. When the equilibrium point has been reached, the diffusion from grain to air 
is equal to diffusion from air to grain, and no further drying occurs. The lowest possible moisture 
content of the grain is thus the equilibrium moisture content with the drying air relative humidity 
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and temperature, and this has a great significance on the properties and the energy utilization of 
drying processes.  
3.1.3 Ambient air and hot-air drying 
Ambient air drying refers to a method where the sensible heat of ambient air is utilized as the sole 
energy source for the evaporation of water. In hot-air drying additional energy is supplied to the 
drying air in order to provide the energy for evaporation and to increase the drying capacity of air. 
Heated air drying offers significantly higher drying capacity compared to the ambient air drying, as 
indicated by Figure 3. In typical ambient temperatures (in Finland ca. 10–20 °C during the harvest 
season), the air can hold a relatively small amount of water. When the air is heated, the specific 
humidity remains constant and the enthalpy of air increases, causing a reduction in the relative 
humidity. This increases the water holding capacity of air drastically.  
 
Figure 3. Drying air behaviour in adiabatic ambient air drying (points 1-2) and hot air drying (points 
3-4) in the Mollier diagram. The ambient air temperature is 20 °C, RH = 50% and the temperature 
of heated drying air is 75 °C. The exhaust air in the drying process is assumed to be saturated (RH = 
100%). (IV Product 2015) 
Figure 3 presents adiabatic drying processes with ambient air and heated air in the Mollier diagram 
(IV Product 2015), where the ambient air temperature is 20 °C and RH = 50%, and the temperature 
of the hot supply air is 75 °C. The exhaust air of the dryer is assumed to be saturated (RH = 100%). 
Figure 3 shows clearly the benefits of the hot-air drying: while the amount of removed water ( = 
difference in specific humidity x) in ambient air drying is only 2.5 g per one kg of air, the correspond-
ing figure for heated air drying is 18.3 g kg-1. The vast difference in the evaporation rate is caused 
by the very low RH of the heated drying air, which in this example is ca. 3%. Due to the low RH and 
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high enthalpy, the heated air can absorb significantly greater amount of water, compared to ambi-
ent air drying, before it becomes saturated. Additionally, with very low RH of drying air, the equi-
librium moisture content of grain is low as well, which ensures that sufficiently low moisture con-
tent for successful storage can always be achieved, assuming that duration of the drying process is 
sufficiently long. 
Another notable aspect is that ambient air drying to final moisture content is possible only when 
the RH of air is lower than the equilibrium RH corresponding to the desired final moisture content 
of the grain. If the RH of air is greater than the equilibrium RH in the present temperature, no drying 
occurs, but on the contrary, water moves from the air to the grain, causing an increase in the grain 
moisture content. Figure 4 presents the monthly averages of outside air RH and temperature at 
midday at the observatory of Finnish Meteorological Institute in Jokioinen in southwest Finland in 
the years 1981–2010 (Pirinen et al. 2012). It shows that drying wheat into the moisture content of 
14% without additional heat is possible in average only from April to September at midday. It must 
be noted that the statistics in Figure 4 show the relative humidity at midday, while the RH of air is 
at its lowest usually in the afternoon. Nevertheless, the available drying hours for ambient air drying 
are scarce during and after the harvest season. 
 
Figure 4. Monthly average of the ambient air RH and temperature in midday at the observatory of 
Jokioinen (latitude 60.81, longitude 23.50) from January to December (1–12) in the years 1981–
2010 (Pirinen et al. 2012) and the equilibrium RH with wheat at 14% moisture content according to 
the Equation (1). Rasterized area presents suitable conditions for drying wheat into the final mois-
ture content of 14% by ambient air drying only. 
3.1.4 Drying efficiency 
The definition of thermal efficiency in a convective drying process is more or less ambiguous. The 
process includes several phenomena, such as heating of the dried material and existence of sensible 
heat in the exhaust air, which can be considered either as losses or natural features of the process, 
depending on the point of view. Several approaches to define the thermal efficiency in drying pro-
cesses have therefore been suggested (Kudra 2012; Strumi??o et al. 2007). Some of them are suita-
ble for analysing the overall energy consumption in drying and comparing different dryer types, 
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while the others are better suited for analysing the energy utilization inside the drying process, as 
explained below. 
The basic method for denoting the thermal efficiency in drying is the specific energy consumption 
(Es, J kg-1), which refers to the relation between the supplied heat energy (Qh, J) and the mass of 
evaporated water (mw, kg) (Kudra 2012): 
 
w
h
s m
QE            (3) 
Specific energy consumption examines the energy utilization in drying as “black box”, as it tells little 
about the properties of the process. It is, however, a very useful key figure in energy analysis as 
well as in comparison of different dryers and dryer types, as long as the properties of the dried 
material and the ambient conditions remain equal. Specific energy consumption is also a very prac-
tical figure, since both the supplied energy and amount of evaporated water are either known or 
are easily measurable. 
Another commonly used figure is energy efficiency ȘE, which can be calculated by dividing the en-
ergy used for evaporation (Eev, J) by the supplied heat energy (Qh, J) (Kudra 2012; Strumi??o et al. 
2007): 
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Energy efficiency can be derived as the reciprocal from the specific energy consumption by con-
verting the mass of evaporated water to energy requirement by multiplying it by the latent heat of 
evaporation of water at the temperature of exhaust air of the dryer. Energy efficiency has therefore 
similar properties to specific energy consumption with the same benefits and disadvantages. 
Efficiency of the dryer can also be estimated on the basis of the temperature differences between 
ambient air (Tamb), dryer inlet air (Tin) and dryer outlet air (Tout)(Kudra 2012; Strumi??o et al. 2007). 
Thermal efficiency ȘT, is then defined as: 
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The definition of thermal efficiency in Equation (5) is based on the reduction in the air temperature 
as it absorbs moisture. In the adiabatic drying process the changes in the temperature and humidity 
of air occur along the adiabatic saturation line in the psychrometric chart, since no energy transfer 
between the system and the surroundings exists (Henderson et al. 1997). In hot air drying the max-
imum value for ȘT is hence determined by the adiabatic saturation temperature of air, which sets 
the minimum value for (Tout), and ȘT is therefore usually clearly below 100%. Part of the supplied 
heat energy is also consumed by heating of the grain bulk, which distorts the result received from 
the thermal efficiency. In low temperature drying in favourable conditions, when the drying capac-
ity of ambient air itself is good, thermal efficiency can in turn be over 100%. 
As the moisture content of grain decreases, the equilibrium relative humidity of air decreases as 
well, as shown by Figure 2. The limiting factor for the energy efficiency is then the equilibrium rel-
ative humidity instead of saturation of the exhaust air as was the case with the thermal efficiency 
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in Equation (5). The maximum drying efficiency Șmax can then be calculated with Equation (6) (Kudra 
2012): 
 
ambout
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 where, 
lv = latent heat of evaporation of water, J kg-1 
 xeq,out = specific humidity of air at equilibrium point, kg [water] kg-1 [air] 
 xamb = specific humidity of ambient air, kg [water] kg-1 [air] 
 Hout = specific enthalpy of outlet air, J kg-1 
 Hamb = specific enthalpy of inlet air, J kg-1 
 
In the adiabatic drying process the change of enthalpy in the denominator is equal to the supplied 
thermal energy. Equation (6) gives thus the maximum value for efficiency in Equation (4). Consid-
ering the energy utilization in the adiabatic drying process, the most interesting information is, 
however, the amount of energy used for evaporation with respect to the energy available for evap-
oration. In the optimal situation, the relative humidity of the exhaust air is in equilibrium with the 
moisture content of the grain, meaning that the drying capacity of air in the present conditions is 
utilized completely. The corresponding difference in the specific humidity between the supply and 
exhaust air gives then the maximum evaporation rate, and the evaporation energy in the equilib-
rium conditions can be solved by multiplying this by the latent heat of evaporation of water, as was 
the case also in Equation (6). The process efficiency (Șp) can then be calculated by dividing the ac-
tualized evaporation energy (Eev) by the theoretical evaporation energy in the equilibrium condi-
tions (Eeq): 
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When the exhaust air of the dryer is in equilibrium with the moisture content of the grain (xout = 
xeq), the process efficiency is 1, and the maximum evaporation rate (per unit of air) as well as energy 
utilization is achieved. In practice this situation will not be achieved during the falling drying rate 
period, since the drying process would then take an unreasonably long, and part of the drying ca-
pacity of air will thus always be lost as sensible heat in the dryer exhaust air. It must also be noted 
that even in the equilibrium conditions certain part of the supplied energy is lost as sensible heat, 
since the equilibrium sets the maximum limit for the RH of the dryer exhaust air, and no further 
evaporation is possible. From the equations presented above, Equation (7) is most suitable for an-
alysing the energy utilization during the drying process, as it considers the energy available for 
evaporation in the given conditions. Equation (7) does not consider the total heat input of the dryer, 
nor the heat losses by conduction, convection or radiation. Other methods, such as specific energy 
consumption (Equation (3)), are thus better suited for evaluation of total efficiency of the dryer and 
comparison of different dryers and drying methods. 
3.1.5 Practical thermal energy consumption in drying 
While hot-air drying offers an effective and fast method for grain preservation, it is also very energy 
consuming. The latent heat of vaporization of water is ca. 2.2–2.5 MJ kg-1, depending on tempera-
ture (Monteith and Unsworth 1990), and this is thus the minimum amount of energy required for 
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removing one kilogram of water from the grain. In ambient air drying this energy is taken from the 
ambient air by converting the sensible heat in the air into the latent heat in the water vapour. Ex-
ternal energy is thus consumed only in the form of electricity by the drying air fans. Typical electric 
energy consumption of ambient air dryer is 0.3-0.4 kWh (1.1-1.4 MJ) per kilogram of water (Ahokas 
and Koivisto 1983).  In hot-air drying the heat energy is produced by combustion of fuel oil, gas or 
solid fuels. Also solar energy or electricity can be used especially in low-temperature drying (Pabis 
et al. 1998). Specific energy consumption in hot-air drying depends mainly on temperature and 
humidity of ambient air, temperature of the dryer supply air and humidity of the dryer exhaust air, 
as indicated by Equations (3) – (7). The latter is strongly affected by the moisture content of the 
crops, and it is hence constantly changing during the drying process. 
In the example presented in Figure 3, the specific energy consumption of hot-air drying is 3.06 MJ 
kg-1 (water).  In this case the dryer exhaust air cannot reach the ambient temperature before it 
becomes saturated, and part of the applied heat energy remains thus in the exhaust air as sensible 
heat. The specific energy consumption is therefore higher than the latent heat of evaporation of 
water. Additionally, the exhaust air is saturated or nearly saturated only during the constant drying 
rate period or in the beginning of the falling rate period, since the RH of exhaust air is bounded by 
the equilibrium RH during the falling rate period. Decrease in the exhaust air humidity reduces the 
amount of evaporated water, which, together with conduction and radiation heat losses from the 
dryer structures, further increases the specific energy consumption by increasing the portion of 
sensible heat in the dryer exhaust air. On the other hand, in favourable conditions, when the ambi-
ent temperature is high and the RH is low, the thermal energy consumption in hot-air drying may 
be equal to the latent heat of vaporization of water, or even lower. In this case the drying capacity 
of the ambient air is accounted for a part of the drying process. 
The average specific heat energy consumption measured from practical hot-air grain dryers varies 
between 4–8 MJ kg-1 (Nellist 1987; Peltola 1985; Suomi et al. 2003). In addition to thermal energy, 
heated air drying also consumes electricity by the drying air fans and other electric motors. Electric 
energy consumption is relatively small, ca. 5–8% of the total energy consumption in hot air drying 
(Peltola 1992). As the electric energy consumption offers little possibilities for notable savings, it 
will not be further discussed in this work. 
3.1.6 Conventional grain drying systems 
Grain drying technology includes a very wide range of different applications (Pabis et al. 1998). The 
main classification to the ambient or near-ambient, low-temperature and hot-air dryers can be 
made on the basis of the drying air temperature, and this also determines largely the technical 
solutions used in the dryers.  Ambient air and low-temperature dryers are usually some type of in-
bin dryers, where the drying air is forced, for example, through the grain layer from the perforated 
floor or centrally placed cylinder (Loewer et al. 1994, Pabis et al. 1998). While the variation in struc-
tures and technical solutions is wide, the basic principle remains the same. The most significant 
difference in different ambient air dryers is the grain layer thickness, which defines the fan require-
ments and the duration of the drying process. Increase in the thickness of the grain layer increases 
the static pressure and decreases the air flow rate, and the fan must be chosen according to the 
required air flow rate (Loewer et al. 1994). Deep-bed in-bin dryers require centrifugal fans, which 
can maintain greater airflow rate at greater static pressure compared to axial flow fans (Loewer et 
al. 1994; Lötjönen and Pentti 2005). Stirring devices can be used especially in deep-bed in-bin dryers 
to achieve a more uniform drying result (Pabis et al. 1998). 
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Ambient air drying in thick layers is not suitable for grains with high moisture content, since the 
moisture from the drying front moves to the upper grain layers and may cause condensation of 
water and spoilage of the grain. A maximum moisture content of 20% has been suggested for the 
general cereals in ambient air drying. (Loewer et al. 1994; Raghavan and Sosle 2007) Special appli-
cation of ambient air drying is aeration, which refers to moving relatively small amounts of ambient 
air through the grain in order to equal the temperature and prevent heating in the grain bulk during 
storage (Raghavan and Sosle 2007). Temperature sensors can be used in the grain storages to mon-
itor the temperature of the grain and to determine the demand for aeration (Loewer et al. 1994). 
As already discussed above, the drying capacity of the ambient air depends on the weather condi-
tions, and it is not always sufficient. Ambient air drying can be converted to low-temperature drying 
by supplying additional heat energy to the drying air (Pabis et al. 1998). The drying air temperature 
is typically increased by 5 to 15 °C. This decreases the RH of drying air and hence the equilibrium 
moisture content of the grain. Nevertheless, ambient air and low-temperature drying are high-risk 
drying methods, and careful management is necessary to avoid spoilage and storage losses of grain 
(Pabis et al. 1998). 
Hot-air dryers can be classified by 1) the type of the grain flow or 2) the motion of the grain with 
respect to the drying air (Pabis et al. 1998). In the first case the dryers are classified to batch-, re-
circulating- or continuous dryers. Recirculating and continuous dryers can be further classified to 
concurrent-, counter current-, cross- and mixed-flow dryers according to the grain flow and drying 
airflow configuration. The simplest type of hot-air dryer is an in-bin dryer with the same principle 
as in the ambient air dryer described above, but heated air is used instead of ambient air. This dryer 
type is not suitable for high moisture content grains, since the cooling of the humid drying air in 
deep grain bed causes condensation of water above the drying zone, which may spoil the grain 
(Loewer et al. 1994). Another popular dryer type is a hexagonal chamber dryer, which consists of a 
perforated air chamber surrounded by a perforated hexagonal grain chamber, producing cross-flow 
type airflow through the grain chamber (Pabis et al 1998). Both of these dryer types can be used 
also as recirculating dryers by adding a recirculating auger or elevator, and hexagonal chamber 
dryer can also be used as continuous dryer. Recirculation produces more even drying and enables 
higher drying air temperature (Loewer et al. 1994; Pabis et al. 1998; Raghavan and Sosle 2007). 
In Finland, the most popular dryer type is a cell-type recirculating batch dryer, which comprises a 
drying silo with several drying cells and a storage/tempering space above the drying section (Löt-
jönen and Pentti 2005). The grain is usually recirculated by a bucket elevator. This type of dryer can 
also be used in continuous mode, but the lowest drying cells must then be converted to cooling 
cells, or cooling needs to be conducted in a separate cooling bin. Both mixed-flow and cross-flow 
design can be used, as illustrated in Figure 5. In the cross-flow design, the airflow direction can be 
reversed in each cell to avoid excessive heating of the grain. Mixed-flow design enables higher dry-
ing air temperatures, since the grain is well mixed and it is not exposed to the hot drying for a long 
time (Pabis et al. 1998). Lower energy consumption has been reported for the mixed-flow dryers 
compared to the cross-flow dryers (Brinker and Johnson 2010). 
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Figure 5. Cross-section of mixed flow drying cell (on the left) and cross flow drying cell (on the right) 
with one possible air duct configuration (V). 
Heated air dryers can also be used as a combination with ambient air or low-temperature dryers. 
This method is called multistage drying (Raghavan and Sosle 2007). While the term multistage dry-
ing refers to any combination of high-temperature and ambient or low-temperature drying, it can 
be further classified to dryeration and combination drying. Dryeration refers to a process where 
the grain is dried to within about 2percentage points of the desired storage moisture by hot-air 
drying, and then moved to a tempering bin, which allows the moisture to move out from the inner 
parts of the whole grains. After the tempering period the excessive moisture is removed by aera-
tion. Combination drying takes the idea of dryeration a step further: hot-air drying is used to dry 
the grain to the moisture content of ca. 19–23%, and the rest of the excessive moisture is removed 
by ambient air or low-temperature drying (Raghavan and Sosle 2007). Combination drying is thus 
used primarily with very high harvest moisture. Multistage drying processes can be used to increase 
the drying capacity and reduce the energy consumption of drying, but they require the installation 
of the aeration system on the storage bins. Therefore they are best suited for large volumes of grain 
(Raghavan and Sosle 2007). Additionally, multistage drying, and combination drying in particularly, 
requires suitable climate conditions to the final drying stage if the ambient air without supplemen-
tary heat is to be used. 
3.1.7 Non-conventional drying systems 
In addition to the conventional convective grain drying systems described above, there are several 
other drying systems which can be used also for grain drying, such as conveyor belt or band dryers, 
rotary dryers, fluidised bed dryers, spouted bed dryers and flash (pneumatic) dryers (Delele et al. 
2015; Sokhansanj and Jayas 2007). All of these dryer types utilize the same basic principles with the 
conventional convective dryers, using air as medium to supply the energy for evaporation and carry 
the evaporated moisture away from the grain. They are typically more complex in structure and 
thus more expensive than conventional grain drying systems, but they often possess some benefits. 
For example conveyor and rotary dryers are very flexible and they can be used to dry several other 
materials in addition to grain (Delele et al. 2015; Poirier 2007). Fluidised bed and spouted bed dryers 
utilize the drying airflow to partly (spouted bed) or totally (fluidised bed) support the grain bed, 
while the flash dryers use the drying gas stream also to transport the material through the system. 
All of these dryer types provide high heat transfer rates and good mixing of drying medium and the 
material to be dried. Spouted bed dryers can also be used for heat sensitive materials due to the 
short residence time in spout, while flash dryers are suited mainly for removing the surface water 
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at short drying times (Borde and Levy 2007; Law and Mujumdar 2007; Pallai et al. 2007). Several 
studies of drying different grains with these dryer types have been conducted also recently 
(Kaensup et al. 2006; Madhiyanon et al. 2001; Markowski et al. 2007). Spouted- and fluidised bed 
dryers as well as pneumatic dryers have often been suggested to be used also in combination with 
more conventional drying systems (Jittanit et al. 2013; Korn 2001; Mujumdar and Law 2010). 
Use of electromagnetic radiation energy, such as radiofrequency (RF) and microwave energy in dry-
ing applications has also been studied widely (Nelson 1987; Sokhansanj and Jayas 2007). These 
methods are also referred as dielectric heating, since the heating is based on the re-orientation of 
polarized water molecules in a dielectric material. Another form of electromagnetic radiation drying 
is increasingly popular infrared (IR) drying (Ratti and Mujumdar 2007). Benefit of the radiation dry-
ing processes is that evaporation occurs inside the material and no heat conduction from the sur-
face to the inner parts of the particles is needed. Diffusion of moisture is enhanced and temperature 
of the particles is more even than in conventional drying processes. (Kudra and Mujumdar 2007; 
Sokhansanj and Jayas 2007) However, the conversion efficiency from electric power to RF or micro-
wave power is in practical situations only ca. 50%, and even though part of the lost energy could be 
recovered in drying applications, the economic viability of RF and microwave drying may be ques-
tionable (Nelson 1987). Infrared drying may provide better energy efficiency and it appears prom-
ising especially when combined with convective drying methods (Ratti and Mujumdar 2007).  
Some other drying methods still exist, for example vacuum drying and use of solid hygroscopic dry-
ing medium. Vacuum drying is one of the most expensive drying methods and it is not thus suitable 
for seasonal grain drying applications (Sokhansanj and Jayas 2007). When solid drying medium is 
used, the dry medium is mixed with the material to be dried. After the medium has absorbed mois-
ture from the material, it is separated from the product (Raghavan and Sosle 2007). The benefit of 
this system is that the medium can be dried effectively in high temperatures, since the temperature 
tolerance of the material is not a concern. Likewise many other non-conventional drying systems, 
this method is also complex compared to the conventional methods, and it is therefore not very 
suitable for seasonal grain drying. 
3.1.8 Bioenergy in grain drying 
Use of bioenergy in grain drying does not usually reduce energy consumption, but may instead 
increase it due to the somewhat lower efficiency of the biofuel furnaces compared to the fuel oil 
furnaces (Hautala et al. 2013). However, use of biofuel may reduce the theoretical amount of green-
house gases emerging from the combustion. In Finnish conditions the most suitable and commonly 
used biofuel for grain drying is firewood in the form of woodchips (Hautala et al. 2013). As firewood 
is classified as carbon neutral energy source, since the carbon contained by the wood is fixed from 
the atmosphere, the use of woodchips as fuel virtually eliminates the direct CO2 emissions of grain 
drying (Hautala et al. 2013). 
Use of woodchips as energy source can also provide significant savings in economic costs of grain 
drying (Hautala et al. 2013). Finnish farmers also usually possess forests and the low market value 
wood, which is considered as forestry by-product and needs to be cleared from the forest anyway, 
offers an economical energy source (Hautala et al. 2013). The technology for burning the woodchips 
is, however, more expensive compared to conventional fuel oil fuelled furnaces, and the invest-
ments in bioenergy grain drying systems are hence focused mainly on the larger units. Technology 
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is mature and increasingly used; large grain dryer units (>500 kW) purchased in Finland at the mo-
ment are in most cases equipped with a furnace and burner designed for woodchip fuel (Isotalo 
2015; Hautala et al. 2013). 
Combining the grain dryer with other bioenergy heating systems appears also as attractive option 
in Finland, since a lot of heating is required in houses, animal shelters, workshops, etc. The problem 
is, however, the high short-term power requirement in grain drying. While the peak power require-
ment in heating of a residential house is typically around 20-40 kW, the corresponding figure in 
grain drying is several hundreds of kilowatts. With considerably large livestock units, such as pig-
geries or broiler houses, the combined heating system can be functional, assuming that no high 
power requirement exists in the primary use during the grain drying season. (Hautala et al. 2013) 
3.2 Alternative grain preservation methods 
While hot-air drying offers a reliable, low-risk method for long term grain preservation, a range of 
alternative preservation methods also exist. However, many of these methods terminate the vital 
functions of the grain, and they are hence suited mainly for preservation of feed grain (Lundin 
1984). According to Table 2, the only suitable options of the present principle grain preservation 
methods for food, seed and malt grain are drying and grain cooling. According to Lundin (2013), the 
grain with moisture content of 16.5% can be stored successfully at the temperature of 8–14 °C by 
using artificial cooling, and about 144 MJ of energy per ton of grain can be saved when compared 
to hot-air drying. However, preservation of grain with higher moisture content may be questionable 
with this method, as well as the profitability of investing in both drying and cooling systems to en-
sure the safe preservation in all harvest conditions.  
Despite the effects of the alternative preservation methods on the grain properties, they still offer 
a large potential for feed grain preservation. While drying is applied to 85–90% of the total Finnish 
grain yield, almost 70% of the domestic grain consumption is used as animal feed (Palva et al. 2005; 
Tike 2013a). Furthermore, about one third of the annual grain yield is used as animal feed directly 
at the farms (Tike 2013b). In this case maintaining the viability of grain is not necessary, and alter-
native grain preservation methods could be used as well. The principal grain preservation methods, 
alternative to drying, are at the present airtight storage, acid preservation of whole grains and grain 
crimping (ensiling). While all of the methods presented here are basically suitable for preserving 
the feed grain for all principal farm animals, one major difference compared to the dried grain is 
the low vitamin E content (Siljander-Rasi 2003). Moisture and acidity during the storage destroy the 
vitamin E in the grain, and this has to be taken into account in the feeding. The vitamin E content 
of dried barley, for example, is ca. 34 mg/kg dry matter, while the corresponding figure in high-
moisture grains is only a few milligrams (Luke 2014b; Palva and Siljander-Rasi 2003). 
3.2.1 Airtight storage 
Airtight storage, also referred to as gas-proof or oxygen limiting storage, is based on removing an-
other  crucial  factor  for  growth of  micro-organisms,  the oxygen (Gould 2000;  Palva  et  al.  2005).  
When grain is stored in gas-proof conditions, the respiration of the grain together with the micro-
organism activity consume the existing oxygen rapidly and replace it by carbon dioxide. Growth of 
harmful micro-organisms is thus prevented or suppressed to a harmless level. As the respiration of 
grain is prevented simultaneously, the grain also loses its viability, including the ability to germinate 
(Hyde 1965). The micro-organism activity does not stop completely, for example growth of some 
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non-harmful yeast may still occur in the anaerobic conditions (Palva and Siljander-Rasi 2003). Addi-
tionally, if the moisture content of the grain is high, also some lactic acid fermentation may occur 
due to the anaerobic lactic acid bacteria activity. This is not, however, significant unless the mois-
ture content of the grain is ca. 35% or higher (Druvefors et al. 2002; Hyde and Oxley 1960; Klemola 
et al. 1994; Loewer et al. 1994; Palva et al. 2005). This, in fact, turns the preservation method into 
ensiling of grain, which is discussed later. 
Airtight grain preservation is practically always done in a galvanized, stainless steel or glass-lined 
silos (Palva and Siljander-Rasi 2003). The optimal moisture content of grain for airtight storage is 
ca. 20–25% (Siljander-Rasi et al. 2000). In some studies, the upper limit of 28–30% has been sug-
gested for the grain moisture content in the airtight storage (Granö 1990). The chemical composi-
tion of the grain is not significantly altered during the airtight storage, and it can thus be used as 
feed for all principal production animals with conventional feeding systems. If the preservation has 
been managed properly, the grain will also keep well until the next harvest season (Hyde and Oxley 
1960; Perttilä et al. 2001; Siljander-Rasi et al. 2000). 
3.2.2 Acid preservation 
Acid preservation is based on lowering the pH of the grain, or more precisely, on the amount of the 
undissociated acid in the grain (Palva et al. 2005). Treatment with an organic acid solution termi-
nates the microbiological activity as well as vital functions of the grain within days. Nowadays only 
propionic acid (C2C5COOH) is recommended for acid preservation due to the mycotoxin findings in 
the grain preserved with acetic acid (CH3COOH) and formic acid (HCOOH) in the past (Palva and 
Siljander-Rasi 2003; Pettersson et al. 1989). Acid preservation is a very simple and flexible method, 
since almost any storage facility can be used. However, due to the corrosiveness of the acid, the 
metal  or  concrete surfaces  must  be protected with a  plastic  film or  by  some other  means.  Acid  
preserved grain can be basically fed to any farm animals, and the acid preservative is also a useful 
energy source for the animals. The dosage of the acid is crucial for the preservation effect as well 
as for the energy- and economic costs of the method, and it depends on the grain moisture. The 
grain should thus be harvested as dry as possible to avoid an excessive demand of the acid preserv-
ative. When the preservation has been done correctly, the acid preserved grain can be stored safely 
for at least one year (Hall et al. 1974; Palva et al. 2005). 
3.2.3 Grain crimping (ensiling) 
Grain crimping is based on the lactic acid (C3H6O3) fermentation by the anaerobic lactic acid bacteria 
(Palva et al. 2005). The principle is thus same with the silage preparation, and the method is re-
ferred generally as grain ensiling. Anaerobic conditions are created by compressing the grain tightly 
and covering the surface of the grain with a plastic film. As in the airtight storage, the grain respi-
ration and the microbiological activity consume the existing oxygen rapidly. In anaerobic conditions 
and when the moisture content of the grain is sufficiently high, about 35–45%, the lactic acid bac-
teria activity arouses, producing lactic acid which causes the pH of the grain to decrease to about 4 
(Bern 1998; Klemola 1994). At this point the microbial activity virtually stops. The lactic acid fer-
mentation can be stimulated by lowering the initial pH of the grain with an acid preservative, or by 
provoking the growth of lactic acid bacteria with a sugar preservative (Palva et al. 2005; Klemola 
1994). Also biological preservatives can be used, containing microbes which produce compounds 
that prevent the growth of yeasts and molds. Crimping the grain with a crimper machine or a mill 
breaks and flattens the whole grains, enhancing the compaction of the grain and stimulating the 
28 
 
microbial activity by offering the microbes more surface area to work on (Bern 1998; Klemola et al. 
1994; Palva et al. 2005). 
Since the moisture content required for effective lactic acid fermentation is high, the harvesting 
must be started when the grain has started ripening. Water can also be added to drier grain during 
the crimping (Klemola et al. 1994; Palva et al. 2005). If the moisture content of the grain is signifi-
cantly lower, the preservation may still be successful, but in this case the preservation effect is 
based on the absence of oxygen and the high CO2 concentration in the grain rather than the lactic 
acid fermentation (Matthiesen et al. 2006). 
Many kinds of storage systems can be used with the crimped grain: clamp, plastic tube, silage bun-
ker or airtight silo. As in the acid preservation, the surfaces of the storage facilities must be pro-
tected against the corrosiveness caused by the low pH of the crimped grain. The nutritional value 
of crimped grain in feeding trials has been equal or even better compared to dried grain. Some 
technical problems may occur in the automated feeding equipment in the pork and poultry produc-
tion, but the preservation method is technically very well suited for example for the mixed ratio 
feeding in cattle farming (Jaakkola et al. 2004, Perttilä et al. 2001). 
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4 Energy use and energy saving methods in grain preservation  
This chapter discusses the energy saving possibilities examined in publications I–V. Since hot-air 
drying is the predominant method in grain preservation in Finland (Palva et al. 2005), most of the 
research work focused on the energy savings in drying (I–IV). Additionally, the effect of enhanced 
utilization of moist grain preservation methods on the energy consumption in grain preservation 
was examined by theoretical analysis (V). The content of publications I–V is presented in the fol-
lowing chapters, including short theoretical introduction into each area followed by a description 
of the conducted research work.  
4.1 Energy use and saving methods in hot-air drying 
4.1.1 Allocation of energy in drying process 
Energy saving possibilities in grain drying were examined in publications I–IV. All the research was 
conducted in a grain recirculating mixed flow hot-air dryer, since this is the most common grain 
dryer type in Finland. Figure 6 presents the approximate allocation of the supplied heat energy in 
this dryer type. It is based on the measurements of temperature and humidity of drying air, grain 
temperature and drying air flow rate in an industrial scale farm grain dryer. Data for Figure 6 was 
received from preliminary measurements in the grain dryer of the Helsinki University research farm. 
Figure 6 indicates that on average approximately half of the supplied heat is used for evaporation 
of water, while a significant part of the heat energy is lost as sensible heat in the dryer exhaust air. 
Other notable energy drains are the heat losses via radiation and conduction through the dryer 
structures, and the temperature rise of the grain in the dryer. 
 
Figure 6. Allocation of the supplied energy in typical drying process of barley in grain recirculating 
mixed flow dryer according to preliminary measurements in the grain dryer of the Helsinki Univer-
sity research farm. 
Data in the Figure 6 was calculated from the raw measurement data by using Equations (8) – (14). 
Total power in Figure 6 represents the heat power supplied to the drying air (Equations 8 – 9). It 
can be calculated from the change in the specific enthalpy of the air while it passes through the 
furnace and the drying air flow rate. The specific enthalpy of air (H, kJ kg-1) can be calculated by 
Equation (8): 
)()( TclxTc
m
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where, 
ca = specific heat of air, 1.01 kJ kg-1 °C-1 
ma = mass of dry air, kg 
T = temperature, °C 
x = specific humidity of air, kg [water] kg-1 [air] 
lv = water heat of evaporation, 2,503 kJ kg-1 
cv = specific heat of water vapour, 1.87 kJ kg-1 °C -1 
 
Heat power (PH, kW) in the supply air flow can be calculated as the product of the air flow rate and 
the change in the enthalpy of air:  
 minambH qHHP )(          (9) 
 where, 
Hamb = specific enthalpy of ambient air, kJ kg-1 
 Hin = specific enthalpy of heated supply air, kJ kg-1 
 qm = mass flow rate of supply air, kg s-1 
 
The power used for the evaporation of water can be calculated as the product of the evaporation 
rate and the latent heat of evaporation of water. Since the internal surfaces of the whole grains 
direct attractive forces towards the water molecules, the latent heat of evaporation in grain is 
somewhat higher than from free water surface. The latent heat of evaporation of water in grain 
can be calculated by Equation (10) (Jayas and Cenkowski 2007): 
 
 )]exp(1[* bMall vv          (10) 
 
 where, 
*
vl  = latent heat of evaporation of water in grain, kJ kg-1 
 lv = latent heat of evaporation of free water, kJ kg-1 
 a = grain dependent coefficient, 1.0 for barley 
 b = grain dependent coefficient, –19.9 for barley 
 M = moisture content, decimal d.b. 
 
Evaporation rate Dx (kg [water] s-1) is the product of the drying air mass flow rate and the change 
in the specific humidity of drying air: 
 
 )( inoutm xxqDx           (11) 
  
 where, 
qm = mass flow rate of supply air, kg s-1 
xout = specific humidity of supply air, kg [water] kg-1 [air] 
 xin = specific humidity of exhaust air, kg [water] kg-1 [air] 
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The power used for evaporation (Pe, kW) can then be calculated by Equation (12): 
 
 DxlP ve
*           (12) 
  
 where, 
*
vl  = latent heat of evaporation of water in grain, kJ kg-1 
 Dx = evaporation rate, kg [water] s-1 
 
Sensible heat power (Ps, kW) in the dryer exhaust air is received from the specific heat of air and 
water vapor, specific humidity of air, air mass flow rate and the temperature difference between 
the dryer exhaust and supply air: 
 
 )()( inoutmvas TTqxccP        (13) 
 
 where, 
ca = specific heat of air, 1.01 kJ kg-1 °C-1 
cv = specific heat of water vapour, 1.87 kJ kg-1 °C -1?
qm = mass flow rate of supply air, kg s-1 
?x = difference in the specific humidity between supply and exhaust air 
Tout = temperature of the exhaust air, °C 
 Tin = temperature of the supply air, °C 
 
While hot-air drying is an effective way to increase the drying capacity of air, it leads inevitably to 
a temperature rise in the material to be dried, as the material strives to the temperature equilib-
rium with the drying air. According to Figure 6, the temperature rise in the grain is responsible for 
a notable part of the energy consumption in drying, especially in the beginning of the process. Spe-
cific heat of grain can be presented as a sum of specific heat in the grain dry matter and specific 
heat of water held in the grain (Jayas and Cenkowski 2007). Power used for heating the grain (Phg, 
kW) can thus be calculated by Equation (14): 
  
t
TmwcwmcP wdhg
 )1(        (14) 
where,  
cd = specific heat of grain dry matter, 1.245 kJ kg-1 K-1 (barley) (Jayas & Cenkowski 2007) 
 cw = specific heat of water, 4.182 kJ kg-1 K-1 (@ 20 °C) (Wagner 1988) 
 m = wet mass of the grain, kg 
 w = moisture content, decimal w.b. 
 ??? = temperature difference, K 
 t = time, s (= measuring interval) 
 
The remaining part of the supplied energy in Figure 6 represents the heat losses from the drying 
equipment. The heat losses include heat flows by radiation and conduction through the dryer walls 
and structures. Some heat losses occur also by forced convection, when part of the drying air leaks 
out from the drying silo through the grain bulk, but these were not examined in this work. The heat 
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losses can be considered as other losses, and they can be relatively large, ca. 5 to 20% of the sup-
plied heat (Strumi??o et al. 2007). Additionally, some energy is absorbed by the dryer structures as 
they warm up. Since their mass is small with respect to the mass of the grain in the dryer (tons vs. 
tens of tons), and the specific heat of steel (434 J kg-1 K-1 (Incropera et al. 2007)) is much lower than 
that of grain (ca. 1000-1500 J kg-1 K-1 in dry matter (Jayas and Cenkowski 2007)), this energy was 
considered negligible. 
The research work included in this thesis aimed to improve the energy efficiency of the drying pro-
cess in mixed-flow type recirculating dryer by decreasing the energy drains presented in Figure 6, 
and thereby improving the utilization of energy for evaporation of water. The conducted research 
will be introduced in the following chapters. In publications I and II the target was to reduce the 
amount of sensible heat energy in the dryer exhaust air by improving the utilization of the drying 
capacity of air. Publication III focused on reducing the heat losses from the drying equipment sur-
faces. Publication IV discussed the heat recovery from the dryer exhaust air, which applies to sen-
sible heat and the latent heat in the dryer exhaust air, as well as the energy used for heating the 
grain, since this energy can also be recovered during the cooling period of the drying process. 
4.1.2 Process control and optimisation (I, II) 
Background 
In thick-layer drying in an in-bin dryer, the drying front travels through the grain layer, and the top 
layer of grain remains moist apart from the very end of the drying process (Loewer et al. 1994). This 
results as high exhaust air humidity and therefore effective utilization of the thermal energy in the 
drying air, which leads to good energy efficiency. However, in a grain recirculating mixed flow dryer 
drying occurs more or less homogenously in the grain bulk. When the grain gets dryer, the equilib-
rium relative humidity of air inside the grain bulk decreases, which leads inevitably to a reduction 
in the dryer exhaust air humidity. This, in turn, causes an increase in the specific energy consump-
tion, while the portion of sensible heat in the exhaust air of the dryer increases. This can be seen 
also from Figure 6, where the energy used for evaporation decreases towards the end of the drying 
process, and the sensible heat in the exhaust air increases. The sensible heat in the exhaust air is 
often also considered as part of the dryer heat losses, and it represents typically 15 to 40% of the 
supplied heat energy in various drying systems (Strumi??o et al. 2007). This is however a somewhat 
misleading consideration, since a certain amount of sensible heat remains in the exhaust air even 
when the air is in equilibrium with the grain, and its drying capacity is thus completely used.  
While this phenomenon is a natural feature in this dryer type, and cannot be fully avoided, there 
are still  possibilities to improve the utilization of the drying capacity of air,  and thus energy effi-
ciency of the dryer. Figure 7 presents the relative and specific humidities of the dryer exhaust air, 
measured from an actual farm grain dryer in preliminary research, and the corresponding equilib-
rium humidities calculated for the same drying process by solving the RH from Equation (1) and 
using the measured moisture contents of the grain. It must be noted that the measured exhaust air 
temperature cannot be used when calculating the specific humidity at the equilibrium point, as an 
increase in humidity causes a corresponding decrease in temperature of the air. The correct tem-
perature corresponding to this humidity must hence be solved from the equilibrium RH and the 
measured enthalpy of the air.  
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Figure 7. Typical relative (on the left) and specific (on the right) humidities of the dryer exhaust air 
and the corresponding equilibrium humidities, according to Equation (1), with the prevailing mois-
ture content of the grain. Data from preliminary measurements in drying of barley in a mixed flow 
hot-air dryer with air volume flow of 10 000 m3 h-1 and net grain volume of 16.7 m3.  
Figure 7 indicates that there is a considerable difference in the humidities of air, both relative and 
specific, between the equilibrium and the actualised conditions. This difference represents the un-
used drying capacity of air. From the specific humidity in Figure 7, the process efficiency ?p can be 
calculated according to Equation (7).  This is presented in Figure 8. The figure indicates that in the 
beginning of the process, when the free water from the surface of the grain solids is removed, the 
drying capacity of air is utilized completely and the process efficiency is 100%. When the drying 
process proceeds, the process efficiency begins to decrease, as the moisture has to diffuse to the 
surface from the inner parts of the grain solids. In the end of the drying process only about 60% of 
the drying capacity of air in the prevailing conditions becomes utilized. 
 
Figure 8. Process efficiency in typical drying process in a mixed flow recirculating grain dryer ac-
cording to Equation (7). The curve shows the ratio between the specific humidity of the exhaust air 
and the corresponding equilibrium humidity, and thus reveals the utilization of the drying capacity 
of air. 
Although it is not practically possible to reach the equilibrium humidity in the exhaust air, as this 
would take an unreasonably long time, the gap between the equilibrium and actualized conditions 
could be reduced, and the process efficiency improved, by suitable process control. The air flow 
rate of grain dryers of this type is designed to remove the water effectively from high moisture 
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content grains, and the air flow rate as well as the heating power of the dryer is usually kept con-
stant throughout the drying process. Therefore, in the latter part of the process, the moisture does 
not have the necessary time to diffuse from the grain to the drying air, and part of the drying ca-
pacity of air is lost as sensible heat, as indicated by Figures 6 to 8. Energy efficiency in this dryer 
type could be improved especially in the latter part of the process by increasing the residence time 
of the drying air in the dryer and providing thus more time for the diffusion of water. This could be 
done by increasing the depth of the grain bed or by reducing the drying air flow rate. Increasing the 
depth of the grain bed in mixed flow dryer could be done by closing every other of the supply air 
cones, causing the air to travel twice as long distance in the grain. This way the control would, 
however, be coarse and discrete. Controlling the air flow rate, on the other hand, enables analogue 
control, which is relatively easy to perform either by controlling the speed of the drying air fan with 
a frequency converter or by limiting the air flow with a choke valve. The effect of the drying air flow 
rate on the energy efficiency of grain drying process has also been recognized by several authors in 
the past (Morey et al. 1976; Peltola 1988; Strumi??o et al. 2007). 
Another method to improve the energy efficiency of a hot-air grain drying is using higher drying air 
temperatures. Several studies have indicated that specific energy consumption in grain dryers de-
creases when the temperature of the drying air is elevated (Ahokas and Koivisto 1983; Morey et al. 
1976; Piltti 1979; Suomi et al. 2003). This phenomenon is caused by the nonlinearity in the moist 
air equilibrium equations, and it is also indicated by the psychrometric charts. Additionally, the ef-
fect of the drying air temperature on the energy efficiency of the drying process is further empha-
sized when the RH of the dryer exhaust air decreases. Figure 9 presents the effect of the drying air 
temperature and exhaust air RH on the specific energy consumption of an adiabatic hot-air drying 
process, when the temperature of the ambient air is 15 °C and RH is 80%. According to the Figure 
9, notable energy savings could be achieved by using higher drying air temperatures in the latter 
part of the drying process, when the exhaust air humidity has started to decrease.  
 
Figure 9. Effect of drying air temperature and relative humidity of exhaust air on the specific energy 
consumption in adiabatic drying process (I).  Data received from the Mollier diagram (IV Product 
2015). Temperature of ambient air is 15 °C and Rh = 80%. 
When the temperature of the drying air is increased, the temperature tolerance and the quality 
requirements of the yield according to the desired end-use purpose must be considered. If the grain 
is intended to be used as feed, maintaining the viability of the seeds is not necessary, and higher 
drying air temperatures can be used. For seed, malting and baking purposes the viability of the 
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seeds must be maintained. In this case the general Finnish recommendation for the maximum tem-
perature of the drying air is 90 °C subtracted by the moisture content percentage of the grain (Su-
omi et al. 2003). Higher drying air temperatures can be used for dryer grain, because the tempera-
ture tolerance of grain improves when their moisture content decreases. This has been pointed out 
by several studies (Ahokas and Koivisto 1983; Ambardekar and Siebenmorgen 2012; Ghaly and Tay-
lor 1982; Suomi et al. 2003). Figure 10 presents the temperature tolerance of wheat as a function 
of moisture content. It indicates that it could be possible to increase drying air temperature during 
the drying process without compromising the viability of the seeds. 
 
Figure 10. Temperature tolerance of wheat as function of moisture content and duration of expo-
sure. Black line represents a significant reduction in the germination rate. Blue lines represent the 
coagulation of gluten for different exposure times (I). (Hutchinson et al. 1946; Lindberg and Sörens-
son 1959, ref. Ahokas and Koivisto, 1983) 
Experiments 
The aim of publications I and II was to evaluate the energy saving possibilities in a mixed flow grain 
recirculating hot-air dryer by controlling the drying air flow during the drying process. When the 
airflow rate was reduced, the temperature of the drying air was allowed to rise simultaneously, and 
the energy savings were expected to occur in two ways: 1) by the higher humidity of exhaust air 
and thus more efficient thermal energy utilization due to the prolonged time for the diffusion of 
water 2) higher drying air temperature in the latter part of the process. All the experiments were 
conducted in a scaled down research dryer with a suitable measuring and data logging installation 
(see publication I for details). In the first phase (publication I) the airflow was controlled manually 
by decreasing the speed of the drying air fans whenever the RH of the exhaust air dropped under 
the level of 70 %. Barley and oats (Avena sativa) were used as grains in the trials. The initial tem-
perature of drying air was 70 °C and the final temperature was ca. 100 °C. The initial air volume flow 
rate was 1,200–1,400 m3 h-1 per cubic meter of grain and the final flow rate ca. 600 m3 h-1 per cubic 
meter of grain, depending somewhat on the grain properties. The lower limit was defined on the 
basis of the preliminary tests in order to avoid excessive prolonging of the drying time. Additionally, 
an elevated temperature of 90 °C was examined with a constant air flow rate of 1,200–1,400 m3 h-
1 m-3 [grain]. 
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The aim of the second phase (publication II) was to implement a simple and low cost embedded 
control system for automatic control of the drying air flow in the research dryer. Usually grain dry-
ers, and industrial dryers in general, use only simple control strategies. Especially small-scale drying 
operations often use only manual control systems. At the same time the energy efficiency of drying 
systems is relatively low, typically 25–30%. Automated control systems could aid to improve the 
efficiency of the drying systems, as well as the quality of the products to be dried. Due to the vast 
development in the computer and sensor technology during the recent decades, creating versatile 
and low-cost control systems, utilizing either feedback or model-based control, or intelligent fuzzy-
logic or neural network control systems has become possible (Jumah et al. 2007). Also research on 
modelling and controlling drying systems has been intensive as the computer systems have evolved 
(Cao  et  al.  2007;  Liu  et  al.  2003;  Liu  et  al.  1997;  Khatchatourian  2013;  Mellmann  et  al.  2007;  
Tiusanen et al. 2013; Staki? and Tsotsas 2005). 
The control system in this study was designed to control the drying air flow rate on the basis of 
dryer exhaust air humidity. While in the research related to the publication I the air flow control 
was conducted manually in steps, the aim of the automated control system was to decrease the air 
flow consistently as the RH of exhaust air decreased. The embedded control system was based on 
a commercial microcontroller development board. The exhaust air humidity and drying air temper-
ature were used as feedback signals, and the controller output was used as a control signal for the 
frequency converter, which was used to control the speed of the drying air fans. A simple control 
algorithm was written in C-language and uploaded to the microcontroller. The threshold value for 
the RH of the exhaust air, in which the controller started working, was 90%. The initial temperature 
of the drying air was adjusted to 65 °C, and it was again allowed to rise freely as the air flow rate 
was reduced. The upper limit for the temperature of the drying air was set to 90 °C, and the control 
algorithm was designed to reduce the drying air flow rate smoothly until this temperature limit was 
reached. The controller gain values were selected in such a way that the temperature limit was not 
reached until very close to the end of the drying process. 
Since the hot drying air may damage the viability of grain, germination rate tests were included in 
publication I. Germination rate was tested in the laboratory of Finnish food safety authority EVIRA 
according to the ISTA standard procedure (ISTA 2009).  
4.1.3 Heat insulation of the drying silo (III) 
Background 
As indicated by Figure 6, the heat losses cause a notable energy drain in the examined dryer type. 
Heat losses through radiation and conduction in mixed flow grain recirculating hot-air dryer were 
examined in the publication III. The mixed flow dryer design produces relatively large area of hot 
metal surfaces with respect to the volume of the dryer, which may cause notable heat losses. Ac-
cording to Strumi??o et al. (2007), heat losses from dryer walls to surroundings represent ca. 3 to 
10% of the supplied heat. Figure 11 presents the surface temperature distribution of the drying silo 
examined in this work, based on a thermal camera imaging which was conducted as preliminary 
research.  The temperature of the drying air was 75 °C. While the hot drying air enters the drying 
silo, the metal structures of the silo and the supply air pipe warm up quickly and start to emit heat 
energy to the surroundings. The surface area of this dryer type is relatively large with respect to the 
net volume, when compared to e.g. in-bin dryer, and the heat losses can thus be notable. In addition 
to the surface area of the dryer, the heat losses are affected by the temperature difference with 
the drying equipment and their surroundings. 
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Figure 11. Surface temperature distribution of the examined drying silo, based on thermal camera 
imaging, with the drying air temperature of 75 °C (III). 
A simple and cost effective method to reduce the heat losses in drying systems and thus improve 
their thermal efficiency is heat insulation of suitable dryer parts and surfaces (Strumi??o et al. 2007). 
Heat insulation eliminates the major part of heat losses through the metal surfaces of the dryer and 
thus improves the utilization of the heat energy for evaporation, which leads to overall improve-
ment in the thermal efficiency of the dryer. Piltti (1979) reported an energy saving of 10% when an 
insulated grain dryer was compared to its non-insulated counterpart. Grube (2011) suggested en-
ergy savings of 8% for cereal grains and up to 20% for grain maize when heat insulation was used 
in the dryer. 
Experiments 
The effect of heat insulation on the thermal efficiency of a farm scale grain dryer was examined in 
the publication III. The grain dryer of the Helsinki University research farm was used in the trials. 
The dryer had two identical mixed flow grain recirculating drying silos, which were equipped with 
individual natural gas fuelled furnaces. Heat insulation was installed in one of the drying silos, while 
the other one remained as non-insulated reference (Figure 12). A measurement system for moni-
toring and recording the temperature and humidity information at different points of the process 
was installed in both drying silos, as well as individual gas meters to record the gas energy con-
sumption. A more detailed description of the installation of the heat insulation and the research 
setup is given in publication III. Measurement system is presented in detail in publication I. 
As the measuring- and data logging system was designed to work as a stand-alone system (I, III), 
the grain dryer was used conventionally to dry the grain yield of the research farm. The energy use 
of both drying silos was monitored and recorded during three harvest seasons in 2011 – 2013, and 
the specific energy consumption was calculated for each drying batch with the aid of the measured 
data. In addition to the practical energy consumption measurements, the energy saving possibilities 
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were evaluated by theoretical calculations, based on the surface temperature measurements, by 
using general heat convection laws and heat flow equations for free convection presented by In-
cropera et al. (2007). Further, the heat flows were evaluated by heat flux sensors. The aim of these 
assessments was to produce additional information about the heat losses and, by comparing the 
results to the measured values, to detect other possible influences that the heat insulation might 
have on the efficiency of the drying process. 
 
Figure 12. Heat insulation of the drying silo (on the left) and the supply air pipe from the furnace to 
the drying silo (on the right). The storage/tempering space (image on the left) on top of the drying 
section remained uninsulated (III). 
4.1.4 Heat recovery from the dryer exhaust air (IV) 
Background 
Heat recovery from the dryer exhaust air is one of the most promising and potential methods to 
improve thermal efficiency and thus reduce energy consumption in various drying processes (Stru-
mi??o et al. 2007). A significant part of the sensible heat in the exhaust air, as well as latent heat in 
the evaporated water vapour, can be recovered to be utilized again in the drying process. Also the 
heat energy absorbed by the material to be dried can be partially recovered during the cooling 
period of the dryer. 
The most effective solution for heat recovery would be a heat pump drying system, which typically 
utilizes an evaporator, compressor and condenser. According to Strumi??o et al. (2007), a typical 
energy consumption figure for a heat pump drying system is 1.2 MJ per kilogram of evaporated 
water, while corresponding figures for conventional convective drying systems are 3.6–7.2 MJ kg-1. 
In chapter 3.1.5 it was noted that the measured energy consumption in grain dryers varies from 4 
to 8 MJ kg-1, which is well in line with the previous figures. Significant energy savings of ca. 67–83% 
could thus be achieved by replacing the conventional drying systems with heat pumps. Several au-
thors have studied the use of heat pump systems in grain drying in the past, discovering practical 
energy savings of 39–66% (Ahokas and Koivisto 1983; Hogan et al. 1983; Lai and Foster 1977; Lei 
and Bunn 1986). Interest in heat pump drying has aroused again recently due to the climate change 
scenarios and depletion of fossil fuels, and they are already general in drying of various materials 
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(Chua et al. 2002; Colak and Hepbasli 2009; Krokida and Bisharat 2004; Minea 2012; Moraitis and 
Akritidis 1997). 
Despite the significant energy saving possibilities, many of the authors in the studies mentioned 
above found the use of heat pumps in agricultural drying applications suspicious from the economic 
aspect. The short operating period of the dryers in agriculture may easily cause the capital costs of 
these systems to exceed the economic savings achieved by the lower energy costs. Powerful local 
electric grids required by the electric intensive heat pump systems also cause additional costs, 
which could however be avoided by using a diesel engine as power source for the compressor of 
the heat pump system (Ahokas and Koivisto 1983). In addition to this, dust and other debris in dryer 
exhaust air may cause technical problems in the sophisticated heat pump drying systems (Strumi??o 
et al. 2007). A cleaning system of some type would be required, causing additional costs and further 
complicating the systems. Another disadvantage considering the heat pump drying systems is that 
the temperature range achieved by them has conventionally been around 60 °C to 65 °C , although 
the development of new refrigerants has enhanced this to temperatures of 100 °C and more (Stru-
mi??o et al. 2007). 
Another option for heat recovery is to use passive heat exchangers. They offer lower heat transfer 
rates compared to heat pumps, but also significantly simpler technical solutions as well as lower 
capital costs. Energy savings of 10–40% have been reported in agricultural drying applications with 
heat recovery by heat exchangers in previous studies (Ahokas and Koivisto 1983; Lai and Foster 
1977; Sokhansanj and Bakker-Arkema 1981, Suggs et al. 1991; Wang and Chang 2001). Authors of 
these studies also noted an improvement in the performance of the heat exchangers when the 
ambient temperature decreased, which is a notable benefit in cool climate countries like Finland. 
Experiments 
In the publication IV, a simple parallel plate heat exchanger was designed and tested in the scaled 
down research dryer. The main design factors for the heat exchanger, in addition to simple struc-
ture, were low costs, operation in dusty conditions and possibility to clean it from the possible dust 
accumulations. The highest possible heat transfer rate was not included in the design factors, as 
the goal was to observe the operation and fouling of the heat exchanger of this type in the dusty 
grain dryer conditions. A mathematical model for the operation of the heat exchanger was devel-
oped as well, and the heat transfer rate with different design parameters was evaluated by using 
this model (IV). 
The basic structure of the heat exchanger is presented in Figure 13. The principle idea was to avoid 
any horizontal surfaces in the route of the exhaust air of the dryer, but to provide as straightforward 
vertical route for the exhaust air flow as possible. The target was to minimize the dust accumulation 
in the heat transfer surfaces, and also to provide a clear route for cleaning if dust accumulation 
should nevertheless occur. This design also enabled the condensing water to flow gravimetrically 
away from the device. Counter flow was chosen as the flow arrangement of the heat exchanger, as 
this provides higher heat transfer rate compared to parallel flow (Incropera et al. 2007). It was also 
technically well suited for the installation in the research dryer. The material used for the heat 
transfer surfaces was corrugated steel, which provided a large surface area and functioned also as 
a rigid frame structure for the device. The corrugated steel sheets were constructed to cells, which 
served as inlet channels for the supply air, while the gaps between them served as exhaust air chan-
nels. More detailed information of the structure and dimensions of the heat exchanger are given in 
publication IV. 
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Figure 13. Air flow configuration and the structure of the heat exchanger. Blue arrows represent 
the supply air and red arrows exhaust air of the dryer (IV). 
 
Figure 14. Installation of the heat exchanger in the research dryer and the measuring points (•) of 
the process variables. I = electric current, RH = relative humidity, T = temperature, U = electric 
voltage, qV = volume flow rate of air. 
The heat exchanger was installed in the research dryer, which was equipped with suitable instru-
mentation for monitoring and recording the variables in the drying process. Installation of the heat 
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exchanger and the multiple measuring points are presented in Figure 14. The research setup is de-
scribed in details in publication IV. The installation included an exhaust air guidance valve, which 
could be used to guide the exhaust air into the heat exchanger or pass it. This enabled simple com-
parison of the operation with and without the heat exchanger in the drying trials, and the achieved 
energy savings could thus be determined. 
The theoretical model was used together with the measured values to optimize the parameters of 
the heat exchanger considering the heat transfer rate. The model included both the transfer of the 
sensible heat and the latent heat of the condensing water vapour in the exhaust air. The heat trans-
fer rates were calculated by the general cooling laws and flow equations provided by Incropera et 
al. (2007), Monteith and Unsworth (1990) and Pitts and Sissom (1977). The heat transfer from the 
water vapour was calculated according to diffusion of the vapour through the laminar air layer close 
to the heat transfer surface, since this is the crucial factor considering the condensation of the wa-
ter on the surface. Detailed description of the model and the included equations are given in the 
publication IV. 
4.2 Energy savings by alternative preservation methods (V) 
Background 
As stated in chapter 3.2, a range of alternative grain preservation methods to drying also exists. 
Although the alternative preservation methods destroy the viability of the grain, this has no rele-
vance in the preservation of feed grain, which represents almost 70 % of the domestic grain con-
sumption in Finland. Energy saving possibilities by enhancing the use of the alternative grain preser-
vation methods were examined in publication V. The examined grain preservation methods, as de-
scribed in chapter 3.2, were: 
 Hot air drying 
 Airtight (gas proof) preservation 
 Acid preservation of the whole grains 
 Grain crimping (ensiling) 
All the examined moist grain preservation methods have been known for a long time and they are 
technologically mature but still relatively seldom used. Advantages of drying, compared to the 
moist grain preservation methods, are familiar and well-established technology as well as reliability 
and flexibility of the method. It allows all end-use purposes of the yield and storage, handling and 
transportation of the dried grain is easy. High moisture content grain, on the other hand, will in 
most cases start to spoil shortly after unloading from the storage. It would hence be rational to 
apply drying when the grain is to be transported for longer distances and some alternative preser-
vation method when the grain is to be used on site or in its vicinity. 
The principal idea of this work was to analyse the energy consumption in all of the examined grain 
preservation methods and then, after defining the maximum realistic share for the alternative 
preservation methods, calculate the achievable energy savings compared to the hot-air drying. In 
the season 2012–2013 Finnish farms used home-grown grain as animal feed ca. 1.3 billion kg, which 
represented ca. 35% of the total grain yield (Tike 2013b). According to the approach presented 
above, this is the maximum amount of grain that could be preserved by the alternative preservation 
methods. While drying is applied to 85–90% of the grain yield (Palva et al. 2005), the amount of the 
grain preserved by the alternative methods has so far been 15% of the total grain yield in maximum. 
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This equals to 0.56 billion kg of the total grain yield of 3.7 billion kg in 2013 (Tike 2013b). The po-
tential to increase the share of the alternative preservation methods is hence, according to this 
approach, 1.3 – 0.56 = 0.74 billion kg.  
Analysis 
Energy consumption of different preservation methods was analysed by theoretical calculations 
and with the aid of information provided by the literature. All the energy inputs in each method 
were examined and summed. Total energy consumption of each preservation method was calcu-
lated per one kilogram of grain dry matter (J kg-1) to enable comparison between different methods. 
In addition to the energy consumption, also nutritional value of the grain, as well economic aspects, 
were considered (V). Analysis was made for barley production on a field area of 40 ha, which is a 
typical farm size in Finland. Size of the operation has little effect on the direct specific energy con-
sumption of grain preservation, but it can, however, have a notable influence on the indirect energy 
consumption.  
Since there are several storage options and other variables in many of the examined alternative 
preservation methods, the analysis was conducted from several aspects. For the airtight preserva-
tion the only analysed storage option was the steel silo. For acid preservation the analysis was un-
dertaken for old, existing storage, when no indirect energy was allocated to the storage facility, as 
well as for a new silage bunker. For crimped grain the examined storage facilities were silage bun-
ker, airtight silo and plastic tube. Additionally the disposal of the plastic tube and the preservative 
used for the grain were considered. When the used plastic was considered to be used as energy by 
combustion in a power plant, the energy content of the plastic was ignored in the analysis, but if 
the plastic was considered to be disposed as landfill waste, its energy content was considered as an 
energy input in grain preservation. The preservative options used for crimped grain in the analysis 
were formic acid based additive and molasses. Details of the analysis, including the energy con-
sumption figures used in the calculations, are given in the publication V.  
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5 Results and discussion 
5.1 Process control and optimization (I, II) 
The principal target of process control was to maintain the humidity of the exhaust air at greater 
level compared to the conventional drying process with constant parameters. The energy savings 
were expected by the improved utilization of the supplied energy, as well as by the elevated tem-
perature of the drying air in the latter part of the drying process. Figure 15 presents the relative 
humidity of the dryer exhaust air in the first phase of the study, where the air flow rate was con-
trolled manually (I). The effect of the reduction in the airflow rate produced a clear response in the 
humidity of the exhaust air when drying oats, especially in the first control step. The second reduc-
tion in the airflow rate (at 150 min) did not have such a drastic effect on the exhaust air humidity, 
but a clear change in the slope of humidity curve still existed. When drying barley, response in the 
exhaust air humidity to the airflow rate control was much more moderate (Figure 15). The exhaust 
air humidity was generally lower when drying barley, compared to oats, even though the initial 
moisture of the grains was very similar (ca. 22–23% for both cereal species) (I). This was most prob-
ably caused by the considerably larger size of the whole grains of barley. This leads to longer dis-
tance for the diffusion of water inside the whole grains, and thus slower evaporation rate. With the 
elevated temperature without airflow control, the final humidity of the exhaust air was similar to 
the conventional process, although the slope of the humidity curve was steeper due to the short-
ened drying time caused by the higher evaporation rate. 
Temperature of the drying air with both grain species is presented in Figure 16 (I). Since the power 
of the heat source remained constant, reduction in the airflow rate produced a corresponding in-
crease in the temperature of the supply air.  The final temperature for oats drying was ca. 10 °C 
higher compared to barley, although the speed of the drying air fans was the same with both grains. 
This  was caused by a  somewhat  lower  airflow rate  for  oats  drying due to  the higher  airflow re-
sistance (I). 
 
Figure 15. Effect of the manual airflow rate control on the relative humidity of the dryer exhaust 
air. The initial moisture content was ca. 22–23% for both cereal species (I).  
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Figure 16. Temperatures of the dryer supply air with different treatments (I). 
The overall average energy consumption in the examined drying processes is presented in Figure 
17. The airflow rate control reduced the average specific energy consumption by 14% for oats dry-
ing and by 5% for barley drying (I). Using the elevated supply air temperature of 90 °C instead of 70 
°C reduced the energy consumption by 12% for oats drying, but did not have any notable effect for 
barley drying. One possible explanation for higher benefits of the examined treatments for oats is 
faster evaporation. Due to the larger volume and rounder shape of the barley whole grains (Pabis 
et al. 1998, I), the time required for the diffusion of water inside the whole grains may be longer, 
inhibiting the rate of evaporation. In addition to the lower energy consumption, an additional ben-
efit achieved by the airflow control and elevated temperature were the higher evaporation rates 
and thus shorter drying times. The evaporation rate was 17% faster with the airflow control and 
24% faster with elevated temperature compared to the conventional method for oats drying (I). 
For barley drying the corresponding figures were 5% and 16%, respectively. 
 
Figure 17. Specific energy consumption for each drying method for drying of oats and barley (I). 
The effect of the examined treatments on the viability of the grains is presented in Table 3. The high 
supply air temperature in the end of the drying process in the airflow control method decreased 
the number of normally germinated seeds of oats, but did not cause any reduction in the germina-
tion rate of barley (I). However, as discussed earlier, the final temperature of the supply air was 
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higher for oats drying compared to barley, which may have affected the results, or then the tem-
perature tolerance of the studied grains was simply different.  The proportion of dead seeds re-
mained nevertheless nearly unaffected in all the treatments (Table 3). While the presence of har-
vest and disease damages complicated the analysis, the magnitude of the drying damages remained 
overall slightly unclear. 
Table 3. Germination percentages of the examined grains with the applied treatments (I). 
Cereal species Drying method Normally germi-
nated, % 
Incompletely 
germinated, % 
Dead, % 
Oats Conventional 73 11 16 
 Elevated Temp. 70 14 16 
 Airflow control 65 22 13 
Barley Conventional 77 11 12 
 Elevated Temp. 74 13 13 
 Airflow control 80 8 12 
 
In addition to the drying air temperature, the dryer type and the grain variety have also an effect 
on the heat damages caused during the drying. According to Montross et al. (1999), dryer type had 
greater effect on the amount of stress-cracked corn (Zea mays) whole grains than the drying air 
temperature. Peltola (1988) stated that higher drying air temperatures can be used in a mixed flow 
dryer compared to the cross flow design. Ghaly and Taylor (1982) found remarkable differences in 
the heat tolerance of different wheat varieties when they were heated in a fluidised bed at 80 °C. 
Temperature tolerance and the risk of heat damages should hence be evaluated case by case, and 
according to the end use purpose of the grain, if elevated drying air temperatures are to be used. 
 
Figure 18. Example of the operation of automated, embedded airflow rate control system in the 
research dryer in barley drying (II). Control signal expresses the decimal value of the 8-bit PWM-
signal (0–255), which was used as input for the frequency converter controlling the speed of the 
supply air fans. Black lines represent the trend of the exhaust air relative humidity before the con-
trol started and ended. 
In the second phase of the study, a simple embedded control system for controlling the supply 
airflow rate of the dryer was developed and tested (II). The operation of the controller is presented 
in Figure 18, which indicates that the controller was working as planned by smoothly decreasing 
the supply airflow rate while the relative humidity of the exhaust air decreased below the threshold 
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value of 90%. The controller also succeeded reasonably well in maintaining the temperature of the 
supply air at upper temperature limit of 90 °C at the end of the drying process. Some oscillation in 
the control signal occurred when the temperature limit was reached due to the design of the con-
troller, but this did not have any notable effect on the airflow rate or temperature of the supply air. 
The effect of the airflow rate control on the relative humidity of the dryer exhaust air is clearly 
visible in Figure 18. The black lines in the figure represent the trend of the exhaust air relative hu-
midity before the control started and ended. There is a clear change in the slope of the exhaust air 
humidity at ca. 100 min, when the controller started working, and again at ca. 250 min, when the 
upper temperature limit was reached and the airflow rate control was ended. This indicates that 
the controller succeeded in increasing the relative humidity of the exhaust air of the dryer, and this 
should have reflected in the thermal efficiency due to the better utilization of the supplied energy. 
In fact, the average specific energy consumption with the control system was 10% smaller com-
pared to the conventional method and the average evaporation rate was 15% greater. There was, 
however, also a large variation in the results. According to the single factor Anova-analysis, the 
difference in the average specific energy consumption between the airflow rate control and con-
ventional methods was not statistically significant (p = 0.33) in the relatively narrow material from 
six drying test runs (II). However, according to Figure 18, the airflow control method may offer one 
possibility to improve the energy efficiency of the dryer, since it increases the RH of the exhaust air 
and thus reduces the amount of heat energy lost as the sensible heat with the airflow. Further 
research and testing would nevertheless be necessary to verify whether the benefits provided by 
the method are substantial. 
Altogether, the research related to the control of the airflow rate in grain drying indicates that po-
tential for energy savings exist. However, the results are not unambiguous and further research 
would be required to solve the actual benefits of the control system and the effects of the method 
on the viability of the grain. One principle problem for the control systems is the lack of reliable on-
line measuring systems for the grain moisture content. This would be required to detect the equi-
librium relative humidity in a point in time. With this information, the process efficiency according 
to the Equation (7) could be calculated and the airflow rate adjusted accordingly. Another option 
would be a fully model-based control system. The problem with this is that the grain properties 
tend to vary between species, varieties, years and even harvesting batches. Therefore the simple, 
low-cost automated control system examined in this work could be a sufficient compromise for the 
continuous control demands in a mixed-flow grain recirculating dryer, assuming that further re-
search evidences the viability of the system.  
5.2 Heat insulation (III) 
Heat losses in the farm scale mixed flow grain recirculating dryer were examined by theoretical 
calculations and heat flow measurements. Finally, the specific energy consumption of the insulated 
and uninsulated dryers was compared by measuring the energy consumption in practical condi-
tions. The results of the theoretical assessments and the heat flow measurements are presented in 
table 4. While the theoretical calculation was made assuming that the surrounding air in the dryer 
building was quiescent, some unconsidered air movements through doors and other openings may 
have increased the convection heat transfer coefficient. Therefore a sensitivity analysis, where the 
surface temperatures and the heat transfer coefficient were increased by 20%, was included in the 
analysis. 
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Table 4. Results of the theoretical heat loss analysis and the heat flow measurements (mean of 21 
measurements) from the drying silo (III).  Thermal power calculated from the airflow was 157 kW. 
 Heat losses, kW 
 Drying silo Supply air pipe Total 
Theoretical, convection & radiation 3.9 4.3 8.2 
Sensitivity analysis results (surface 
temperatures and heat transfer co-
efficient increased by 20%) 
6.9 7.2 14.6 
Mean measured heat flow 5.2 7.3 12.5 
  
According to Table 4, the majority of the heat losses occurred from the supply air pipe connecting 
the furnace to the drying silo. In the examined dryers the supply air pipe was exceptionally long, ca. 
9 m, due to the location of the furnace with respect to the drying silo. The diameter of 630 mm 
together with the length of 9 m produced a surface area of 17.8 m2, and when the turbulent and 
hot supply airflow is in direct contact with the walls of the pipe, the heat losses are naturally con-
siderable.  While the thermal power of the dryers was 157 kW, the heat loss figures in the Table 4 
represent ca. 5–9% of the thermal power. 
The energy consumption of both insulated and uninsulated dryers was observed and recorded for 
three years and the specific energy consumption for each drying batch was calculated. The results 
are presented in Figure 19. Only barley drying was included in the analysis to avoid the effect of 
different properties of various grain species on the results. The energy consumption of the insulated 
dryer was on average 19% lower compared to its uninsulated equivalent. Single factor Anova-analy-
sis showed high significance for the difference in the energy consumption between the dryers (p = 
0.00077). 
 
Figure 19. Average specific energy consumption of each drying batch as the function of grain initial 
moisture content in the years 2011–2013, with linear regression lines for uninsulated and insulated 
dryers (III). 
Figure 19 indicates a reducing trend in the specific energy consumption as the initial moisture con-
tent of grain decreased. This is likely to be a consequence of different properties of the grain and 
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different drying conditions between the years, since the energy consumption in drying usually in-
creases as the initial moisture content of the grain decreases. This behaviour is caused by the de-
crease in the equilibrium RH with the equilibrium moisture content of the grain, as well as slower 
diffusion rate of moisture inside the whole grains, causing a reduction in the exhaust air humidity 
and thus an increase of sensible heat energy in the dryer exhaust air. Figure 20 presents the specific 
energy consumption for each drying season individually, and it in fact shows an increasing trend for 
the specific energy consumption with the decreasing initial moisture content of grain in all cases. 
 
Figure 20. Average specific energy consumption of all drying batches for each harvest season indi-
vidually, with linear regression lines for uninsulated and insulated dryers (III). 
The energy savings observed from the measurements in practical grain drying processes were sig-
nificantly greater than the theoretical calculation and heat flow measurements predicted. Accord-
ing to the measurements, the insulated dryer consumed 16% to 21% less energy compared to its 
uninsulated equivalent, while the theoretical calculations and the heat flow measurements pre-
dicted energy saving potential of only 5% to 9%. There can be several reasons for the difference 
between the measured figures and predictions, such as measuring errors and unpredicted air move-
ment in the dryer, which would have resulted in the heat convection to be higher than calculated. 
However, the energy saving figures were very similar for all three harvest seasons (III). This implies 
that the difference was not caused by any random variation, and the heat insulation did not just 
substantially eliminate the heat losses, but also improved the overall thermal efficiency of the 
dryer. The higher temperatures inside the drying silo may have enhanced the diffusion of water 
inside the whole grains improving thus the evaporation efficiency. 
It was concluded that heat insulation is an easy and cost efficient method to improve the thermal 
efficiency of grain dryer of this type, and it enables notable energy savings. Besides reducing the 
heat losses, the heat insulation appears to improve the overall thermal efficiency of the dryer. The 
heat insulation is advisable especially if the drying silo is located outdoors, since the heat convection 
rate would then be much greater due to the wind, or higher drying air temperatures are to be used. 
5.3 Heat recovery by heat exchanger (IV) 
A parallel plate heat exchanger was designed and tested to recover the sensible heat in the dryer 
exhaust air as well as latent heat in the water vapour. Figure 21 presents the temperatures of the 
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dryer exhaust and supply air, as it enters and exits the heat exchanger device, and the log mean 
temperature difference, which was used as input data for the theoretical calculation model (III). 
The log mean temperature difference declares the mean temperature difference between the 
warm and cold fluids in the heat exchanger (see publication III for more information). Figure 21 
reveals that the temperature difference in the supply air side of the heat exchanger was approxi-
mately twice as large as in the exhaust air side, even though the air flow in both sides was approx-
imately the same. This is explained by the latent heat released by the condensing water vapour, 
which increased the temperature of the supply air more than the difference in the sensible heat of 
the exhaust air predicted. 
 
Figure 21. Typical temperatures of exhaust air and supply air of the dryer, as they enter and exit the 
heat exchanger, and the log mean temperature difference ¨Tm in the heat exchanger during the 
operation (IV). 
Figure 22 presents the thermal power distribution in the research dryer during the drying trials with 
the heat exchanger. After the warm-up period in the beginning of the process, the power of the 
heat exchanger remained relatively constant at the level of 1.5 – 2.0 kW, corresponding ca. 20% of 
the supplied thermal energy. Figure 22 includes also the prediction of the theoretical model for the 
thermal power of the heat exchanger. According to the Figure 22, the semi-theoretical model suc-
ceeded well in modelling the operation of the heat exchanger, and it could thus be utilized to ex-
amine the effect of the design parameters on the operation of the heat exchanger later on. 
 
Figure 22. Distribution of the thermal power between the heaters and the heat exchanger in the 
drying trials and the model prediction for the thermal power of the heat exchanger (IV). 
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Figure 23. Specific energy consumption in the drying trials 1–6 (IV). 
The preceding analyses were made on the basis of the temperature and airflow rate measurements. 
Since especially the airflow rate measurement contains uncertainty, the energy consumption in the 
trials was verified by measuring the electric energy consumption of the heaters and the amount of 
evaporated water by change in the mass of the drying batches (IV). From the measured values, the 
specific energy consumption for the drying processes was calculated in order to remove the effect 
of the variation in the final moisture of the drying batches. Figure 23 presents the specific energy 
consumption of each drying batch in the trials. The average specific energy consumption with the 
heat exchanger in operation was 9.1 MJ kg-1 and without the heat exchanger 11.1 MJ kg-1. The av-
erage energy saving achieved by the heat exchanger was thus 18%. The variation was also quite 
large with the standard deviation of 8%, but the difference in the energy consumption was statisti-
cally significant. 
 
Figure 24. Heat transfer surfaces in the exhaust air side of the heat exchanger showed no fouling or 
dust accumulation after an operating period of more than 20 hours (IV). 
One of the targets in the study was to examine the fouling of the heat exchanger of this design. 
Exhaust air of a grain dryer of this type contains considerable amounts of dust and other debris, 
51 
 
which will soon degrade the operation of the heat exchanger if it adheres to the heat transfer sur-
faces. In the worst scenario the accumulating dust may even block the whole device. In practice the 
operation of this kind of device should be reliable and require as little maintenance as possible 
during the busy harvest season. The condition of the warm air inlet end of the heat exchanger used 
in the study was inspected visually after more than 20 hours of drying trials and testing (Figure 24.). 
No fouling or dust accumulation was observed in the heat transfer surfaces after this operating 
period. Some dust existed on top of the inlet air cells but this was meaningless since these surfaces 
did not act as heat transfer interfaces. 
 
Figure 25. Effect of the air velocity on the operation of the heat exchanger according to the semi-
theoretical model (IV). 
In the final part of the study the effect of the design parameters on the operation of the heat ex-
changer were evaluated by using the mathematical model for the heat exchanger (IV). The proper-
ties of the air flow have a great significance on the efficacy of the heat exchanger, and they can be 
affected by altering the dimensions of the device. Figure 25 presents the theoretical heat flow from 
the exhaust air to the supply air as a function of the air velocity inside the heat exchanger. If the air 
velocity would be increased from the 0.86 m s-1 used in the study to, for example, the value of 3.5 
m s-1, the heat transfer rate would increase to more than 4 kW. This corresponds to ca. 40% of the 
total thermal power in the Figure 22. In practice this would mean narrowing the air channels in the 
heat exchanger from the 50 mm used in the trials to 10 mm. This could also be the advisable mini-
mum value for the channel width to avoid the blockage of the device by the debris carried away 
from the grain. Reduction in the channel size increases pressure losses, which must be noted when 
selecting the drying air fan.  
The operation of the heat exchanger of the studied design appeared functional overall in terms of 
heat transfer rate and minor dust accumulation. With the average efficiency of 18%, the heat trans-
fer rate was satisfactory compared to the efficiencies of 10–40% presented in the literature (Ahokas 
and Koivisto 1983; Lai and Foster 1977; Sokhansanj and Bakker-Arkema 1981, Suggs et al.  1991; 
Wang and Chang 2001). According to the simulation with the semi-theoretical model, the perfor-
mance of the heat exchanger could be improved significantly by altering the design parameters. It 
must however be noticed that the maximum performance of the device is defined by the difference 
in the ambient and exhaust air temperatures (Incropera et al. 2007). The temperature of the supply 
air from the heat exchanger can never exceed the temperature of the dryer exhaust air, even when 
the enthalpy of the exhaust air remains higher than that of the supply air due to the existence of 
latent heat in the exhaust air. On the other hand, this causes an improvement in the performance 
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of the heat exchanger with decreasing ambient air temperature, which is a remarkable benefit in 
cool climate countries like Finland. 
Even though any notable fouling or dust accumulation was not observed in this study, further test-
ing would be required to ensure the reliability of the system in long term operation. Altogether, the 
simple heat exchanger design evaluated in this study could provide possibilities for remarkable en-
ergy savings in agricultural grain drying applications. 
5.4 Alternative preservation methods (V) 
The results of the energy analysis of grain preservation are presented in Figure 26. The figure indi-
cates that hot air drying has overwhelmingly high energy consumption compared to the alternative 
methods.  The major  part  of  the energy is  consumed as  direct  energy by  the heating fuel  of  the 
dryer. Also the indirect energy embodied in the dryer structures is large due to the large production 
energy of steel, which applies also to the steel silo in airtight preservation (Mikkola et al. 2010). In 
acid preservation the indirect energy embodied in the acid and the relatively high dosage produce 
considerable energy consumption, being still only about one quarter of that of drying. The storage 
method has little influence on the energy consumption of acid preservation.  
 
Figure 26. Direct and indirect energy inputs in the examined grain preservation methods. Assumed 
lifetime for drying equipment and storage facilities was 25 years (V). 
Clearly the lowest energy consumption was achieved by grain crimping. The energy consumption 
in grain crimping is, however, strongly affected by the storage method and handling of the used 
plastic in plastic tube preservation. Figure 27 presents the effect of storage method and the used 
preservative on the energy consumption in the grain crimping method. The lowest energy con-
sumption was achieved when acid was used as preservative, plastic tube as storage method and 
the waste plastic was utilized as energy. In this case the energy consumption was less than 10% of 
that of drying. The highest energy consumption in grain crimping method was found when airtight 
silo was used as storage and molasses as preservative, but even then the energy consumption was 
about half when compared to that of drying. 
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Figure 27. Direct and indirect energy consumption in grain crimping (ensiling) method with different 
storage systems and preservatives (V). 
The potential energy savings in Finnish agriculture by enhanced use of alternative grain preserva-
tion methods were estimated by using the energy consumption figures received from the analysis. 
It was stated earlier that the amount of grain preserved by the alternative preservation methods 
could be realistically increased by 0.74 billion kg. By applying the alternative preservation methods 
as equal shares to this amount of grain (silage bunker as storage in acid preservation and grain 
crimping and acid as additive for crimped grain), the achieved energy savings compared to hot air 
drying would be 106 GWh. This equals to 16% of all the direct energy inputs in grain preservation 
at the present. 
  
Figure 28. Costs in various grain preservation methods (Palva 2008). 
The choice of the grain preservation method has a similar effect on the economy as on the energy 
consumption of farming. Figure 28 presents a calculation about the costs of various grain preserva-
tion methods. Hot air drying possesses clearly the highest costs, even though the differences are 
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not as evident as in the case of energy consumption. While in the energy consumption the majority 
of inputs in drying was caused by the direct heating fuel energy, from the economic aspect the fixed 
costs of the dryer equipment are in the predominant position. When the amount of stored grain 
increases, the relative share of the fixed costs decreases. This indicates that the price of energy is 
still relatively low compared to labour and the machinery and construction of the grain dryer facil-
ity. Another notable thing considering Figure 28 is that the calculation assumed light fuel oil to be 
used as thermal energy source for the grain dryer. Especially in large grain drying units the variable 
costs can be reduced by replacing fuel oil by low-price energy, such as woodchips or peat. 
The analysis indicated that substantial energy savings could be achieved by using the alternative 
grain preservation methods for home-grown feed grain in Finland. Total energy savings of ca. 16% 
are realistically achievable on a national level compared to the current situation (V). Even though 
there are some challenges and limitations, mainly in the feeding technology for high moisture 
grains, the range of alternative grain preservation methods could offer a suitable option for each 
production orientation of animal husbandry. Additionally, they could help to strengthen the eco-
nomy of farming and provide flexibility to harvesting. The use of alternative grain preservation 
methods could also be expanded by some extent from the home-grown grain to grain trade bet-
ween independent farms. In this case the grain could be transported harvest-fresh to be preserved 
at the end-use location. 
5.5 Management and energy savings 
The subjects discussed in the publications included in this thesis covered mainly application level (I-
IV) and methodological level (V) aspects from the Figure 1. In addition to these, there are several 
factors which have either a direct or indirect effect on the energy consumption in grain preserva-
tion.  The essential questions from this aspect are 1) what is the initial moisture content of the crops 
2) what is the amount of water that is necessary to be removed from the crops and 3) what can be 
done to reduce this? These questions are related mainly to drying, since the initial moisture content 
of the crops does not have such a drastic influence on the energy consumption in the alternative 
grain preservation methods. However, for example in acid preservation the dosage requirement of 
the acid is strongly influenced by the moisture content of the crop, and since the acid preservative 
is the largest energy input in the acid preservation (Figure 26), this has a large impact on the indirect 
energy consumption of the method (V). While the following discussion considers mainly drying, the 
same principles can be adapted to alternative preservation methods when applicable. 
Figure 29 presents the principal factors influencing the energy consumption in grain drying. Even 
though the causations described in Figure 29 are obvious, it is important to recognize them to gain 
a comprehensive understanding of the energy requirements in grain preservation as an entity. The 
only random factor in Figure 29 is the weather, and since it cannot be predicted in long term, the 
choices must be based on the most probable situation. However, all the other factors can more or 
less be controlled and they can thus be used as tools to influence the energy consumption in drying 
of the cultivated crops. General management activities, together with the weather conditions, de-
fine largely the initial moisture content in which the crops arrive to the dryer, and the choices made 
and the actions taken here have an effect on the amount of water that needs to be removed from 
the crops. Management of drying, in turn, considers the knowledge to use the selected technologies 
in an energy efficient way and the choices related to drying strategies. Management activities dis-
cussed here do not include the poor condition or misuse of the drying equipment, but it is assumed 
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that appropriate maintenance has been conducted and the equipment have been used as intended 
by the manufacturer. 
  
Figure 29. Factors influencing the energy consumption in grain drying. 
5.5.1 Management of drying 
Management of a drying system can have a significant influence on the energy consumption of the 
drying process. The drying process should remove just the necessary amount of water from the 
crops. While too high moisture content will cause the rejection of the product by the grain traders, 
or in the worst scenario spoilage of the whole batch, causes excessive drying unnecessary energy 
consumption as well as economic costs. One principal problem considering the grain drying process 
control is the lack of reliable and robust on-line sensor to measure the moisture content of grain. 
The endpoint of the drying process is usually defined indirectly from the temperature or humidity 
of the exhaust air or the change in the mass of the grain. These methods do not have a high accu-
racy, and the grain is often over dried just “to be on the safe side”. Another option is to measure 
the moisture content of the grain manually with portable moisture tester and thus define the end-
point of the process, which causes additional labour. 
The effect of over drying on the energy consumption of the hot air drying process may be remark-
able. Figure 30 presents the energy requirement in drying per one kilogram of grain dry matter. If 
the specific energy consumption is assumed to be constant throughout the drying process, and the 
initial moisture content of grain is for example 20%, drying to the final moisture content of 12% will 
consume 30% more energy compared to the drying to 14% moisture content. Since the specific 
energy consumption is not constant but increases while the moisture content of the grain de-
creases, as discussed in the chapter 4.1.1, the extra energy requirement due to over drying is even 
higher. 
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Figure 30. Energy requirement in drying, per unit of grain dry matter, with respect to the moisture 
content of the grain, and the effect of over drying. The initial moisture content of the grain was 20% 
and it was dried into the moisture contents of 14 or 12 per cents. Specific energy consumption was 
assumed to be 6 MJ kg-1 [water] throughout the drying process. 
 
Figure 31. Deterioration of grain with respect to the moisture content and temperature (FAO 2011). 
While the issue described previously is purely a technical problem, which will probably be solved at 
some point by the development of the sensor technology, another thing to consider is the definition 
of the desirable final moisture content in the drying process. The moisture content limit for market 
quality cereals is 14% (Avena 2015; Hankkija 2015; Raisioagro 2015), but somewhat higher moisture 
content is acceptable for example for home-grown feed grain. Figure 31 presents the deterioration 
of grain with respect to the moisture content and temperature. In cool Finnish climate, the moisture 
content of 16% has been suggested as sufficient moisture level when the grain is to be used before 
the next harvesting season (Hautala et al. 2013). If the initial moisture content of the grain is again 
20%, this would mean 32% reduction in energy consumption when compared to drying to the mois-
ture content of 14%, according to Figure 30. It must however be noticed that considerably higher 
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energy savings in preservation of home-grown feed grain can be achieved by the moist grain preser-
vation methods, as discussed in chapter 5.4. 
Additional energy savings considering management activities can be achieved by avoiding drying 
during cool weather, for example at night-time, when possible. Most of the conventional Finnish 
grain dryers are equipped with two stage fuel oil burners, which attempt to keep the temperature 
of the supply air at the desired level at all times. The energy consumption is nearly directly propor-
tional to the difference between ambient and supply air temperatures. If the temperature of the 
supply air is for example 70 °C and the ambient temperature falls from 20 °C to 10 °C, the heating 
demand of the air increases by 20%, causing an equal increase in the energy consumption. 
Using combinations of different drying technologies can also be counted as management activities. 
This may include for example multistage drying strategies, which were discussed in chapter 3.1.6. 
According to Raghavan and Sosle (2007), the dryeration process, where the last few remaining 
moisture percentage points are removed by aeration after hot air drying, can result as fuel savings 
of 20% in the hot air drying stage. In combination drying, or two stage drying, only a necessary 
amount of water from high moisture crops is removed by hot air drying to avoid spoilage during the 
slow ambient or low temperature drying in the second stage. The maximum moisture content for 
successful ambient air drying for the most general cereals produced in Finland is 20% (Raghavan 
and Sosle 2007). Removing the remaining moisture by ambient air drying can reduce the energy 
requirements as much as 50% compared to hot air drying alone (Jittanit et al. 2013, Raghavan and 
Sosle 2007). 
Enhanced use of ambient air and low temperature drying in thick grain layers could generally pro-
vide energy saving possibilities in Finnish agriculture. As stated in chapter 3.1.5, ambient air drying 
consumes electricity equivalent to roughly one quarter of the thermal energy consumption in hot 
air drying. However, uncertainty in the suitable weather conditions prohibits the wider use of this 
method for large volumes of market quality grain. Even converting the ambient air drying to low 
temperature air drying does not necessarily remove this problem. Firstly, when the ambient air 
drying is converted to low temperature air drying, also the thermal energy requirement appears, 
which reduces the benefits of the method when compared to hot air drying. Secondly, in large vol-
ume production, the ambient or low temperature drying must in practice be conducted in thick 
layers to avoid the size of the drying facilities to grow excessively (Lötjönen and Pentti 2005). In 
thick layer drying, there is a severe risk of condensation of water in the outer grain layers if exces-
sive heat energy is supplied (Figure 32). 
The crucial factor is the temperature of the grain with respect to the temperature of the supply air. 
Figure 32 presents an example of the conditions of the drying air in low temperature drying, where 
the initial temperature of the grain is the same as the ambient air temperature (10 °C). The supply 
air is first heated from 10 °C to 25 °C (points 1–2). While the air moves through the grain, it absorbs 
moisture until it reaches the equilibrium RH at point 3 (ca. 90% for wheat at MC of 20%). Since the 
grain is cooler than air at this point, the temperature of the air decreases further, when the air 
strives to the temperature equilibrium with the grain as it travels through the grain layer. The RH 
of air increases simultaneously, until the saturation temperature is reached. Since the grain is still 
cooler than the air, condensation of water begins and continues until the temperature equilibrium 
with the grain has been reached. In the case of this example, supplemental heat of only about 5 °C 
would be acceptable to avoid condensation, which would result the drying capacity of air to remain 
nevertheless low. 
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Figure 32. Condensation of water (points 4–5) in low temperature air drying process with excessive 
supplemental heat (IV Product 2015). Air conditions: 1 = ambient air, 2 = heated supply air, 3 = RH 
equilibrium with the grain, 4 = saturation point, 5 = temperature equilibrium with the grain. Initial 
temperature of the grain is 10 °C and moisture content is 20%. 
5.5.2 General management of farming 
As stated in the introduction chapter, drying is sometimes applied to avoid the harvest losses, which 
may occur for example due to the cracked whole grains when the harvest moisture content of the 
crop is low (Loewer et al. et al. 1994). However, in Finnish conditions the main concern is to receive 
sufficiently low moisture content for successful storage, as the cool and humid climate often forces 
to start harvesting when the moisture content of the crops is still high. The management of a farm 
can, however, have an effect on the ripening moment of the crops. The earlier the harvesting be-
gins, the higher is the probability for favorable weather conditions, which is also indicated by Figure 
4. Delayed harvest also increases the risk for quality losses in the grain yield. Therefore the grain 
preservation must be considered as a part of management process which begins already before the 
sowing of the crops. 
Figure 29 lists factors related to the farm management which have influence on the ripening time 
and hence on the initial moisture content of the cultivated crops when they arrive to the dryer. 
This, in turn, defines largely the energy consumption in the drying process. It must be noted that 
many of these factors are related also to overall success of the farming operation. Effective crop 
production system provides thus high energy ratio and good energy efficiency. Figure 33 presents 
the effect of initial moisture content of the crops on the energy requirement of drying.  If the initial 
moisture content of the crops is for example 18% instead of 20%, and the desired final moisture 
content is 14%, the reduction in the energy consumption of drying is 35%.  
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Figure 33. Effect of initial moisture content of the crops on the energy requirement of the drying 
process. Initial moisture content of the grain was 20% or 18%, and it was dried into the moisture 
content of 14%. Specific energy consumption was assumed to be constant (6 MJ kg-1 [water]).  
The choice of cultivated crop species and varieties defines the required growing time, which deter-
mines the timing of the harvest. The later the harvest moment is the lower is the probability for the 
favourable conditions, which again determine the energy consumption in drying. Figure 34 presents 
the initial moisture content of barley with respect to the harvest time. Data for the figure was col-
lected from all drying batches of barley at the research farm of University of Helsinki in 2011-2013 
(III). The varying weather conditions between the years cause large random variation into the data, 
and the correlation between the data and the linear model is weak. The increasing trend in the 
moisture content of the crops is however visible as the harvest season proceeds. Cultivation of 
earlier crops and varieties does not obviously guarantee favourable harvest conditions due to the 
random and unpredictable variation in weather conditions, but increases the probability to obtain 
lower moisture content of the crops at the harvest. 
 
Figure 34. Moisture content of barley at harvest time at the Helsinki University research farm in 
2011-2013 and the linear regression model for the moisture content and harvest time.  
y = 0.2227x - 9391.4
R² = 0.4318
10
12
14
16
18
20
22
24
19.8. 24.8. 29.8. 3.9. 8.9.
M
oi
st
ur
e 
co
nt
en
t o
f g
ra
in
, %
 w
b
Date
60 
 
In addition to the growing time, the choice of the cultivated crops have also some direct influence 
on the energy consumption of drying, since the evaporation energy is not equal for different crop 
species, as indicated by the grain specific coefficients a and b in the Equation (10). According to 
Sokhansanj and Jayas (2007), the specific energy consumption for example for barley drying is 5.1 
MJ kg-1, while the corresponding figure for rapeseed is 4.6 MJ kg-1 with typical drying conditions and 
parameters. Additionally, the yield levels of the high value rapeseed are less than half of those of 
cereals (Luke 2015a), which means less drying and thus lower energy consumption.  
Other factors mentioned in Figure 29, such as the condition of drainage and compaction of the soil, 
affect the drying of the fields in spring and thus the sowing time of the spring crops. Also the culti-
vation intensity has an effect on the sowing time, for example direct drilling requires usually de-
layed sowing compared to conventional tillage methods, although it provides other benefits con-
sidering labour as well as energy costs (Danfors 1988; Mikkola and Alakukku 2004). Used machinery 
has an effect on the compaction of soil especially in the spring, when the moisture of the subsoil is 
high. Light machinery may allow earlier sowing in these conditions. Decision about the optimal sow-
ing time can altogether be challenging especially when direct drilling or spring cultivation is used, 
since the plant residues on top of the soil complicate the visual inspection of the soil. Technical aids 
for this are under development, such as underground soil scout for measuring the moisture content 
of the soil (Tiusanen 2007). 
5.6 General discussion 
Results from this work indicate that several possibilities to reduce energy consumption in grain 
preservation exist as well in technological, methodological and managerial levels. Figure 35 pre-
sents the energy saving methods examined in this work and the energy saving potential compared 
to the conventional hot air drying system. The figures presented in Figure 35 are estimations based 
on the results from the included research combined with the figures received from the literature. 
For example, the effect of heat insulation detected in the publication III was very high compared to 
the results presented in literature, and therefore an approximate range based on these figures was 
chosen to Figure 35. 
The utmost energy savings in grain preservation can be achieved by utilizing the moist grain preser-
vation methods instead of drying. Energy savings up to 90% are possible with the grain crimping 
method with certain prerequisites, when hot-air drying is the reference. However, the moist grain 
preservation methods limit the end use possibilities of the grain and they are therefore best suited 
for the home-grown feed grain, as discussed before. Table 5 sums up the energy saving potential 
of the examined methods compared to the total energy used for grain preservation in Finland in 
current situation (ca. 660 GWh in average, calculated from the results in publication III). Moist grain 
preservation was assumed to be utilized for all of the home-grown feed grain which is currently 
preserved by hot-air drying (see publication V for detailed information). Hot-air drying was applied 
for the market quality grain, which thereby presented the total grain yield of ca. 3.7 billion kg sub-
tracted by the 1.3 billion kg of the home-grown feed grain (Tike 2013b). Total energy savings were 
calculated by summing the energy saving potential of moist grain preservation methods with the 
examined energy saving methods in drying. Finally, the economic significance of the energy savings 
was calculated, since this is the ultimate decision making factor for the farmers. 
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Figure 35. Energy saving methods, according to the end-use purpose of the grain, and the energy 
saving potential of each method compared to conventional hot-air drying. 
Table 5. National energy saving potential of the examined methods with respect to the total energy 
consumption in grain preservation in current situation.  
Method Energy saving potential 
Moist grain 
preservation 
   
% 16 
GWh 106 
Drying Process control Heat insulation Heat recovery 
% 3 – 10 3 – 10 10 – 27 
GWh 22 – 67 22 – 67 89 – 178 
Moist grain preservation 
and drying combined Process control Heat insulation Heat recovery 
% 20 – 26 20 – 26 30 – 43 
GWh 128 – 173 151 – 173 195 – 284 
Economic savings* Process control Heat insulation Heat recovery 
M€ (total)** 10 – 14 10 – 14 16 – 23 
€/ha*** 9 – 12 9 – 12 13 – 19 
*Savings due to the energy costs only 
**Price of fuel oil 0.8 €/l 
***Grain cultivation area in 2014 1.2 million ha (Luke 2015b) 
 
  
Grain 
yield 
Home-grown 
feed grain 
Market qua-
lity grain 
Method 
Moist grain preservation 
Drying 
Process control 
Heat insulation 
Heat recovery (pas-
sive) 
Energy saving 
potential  End use 
50 – 90% 
5 – 15% 
5 – 15% 
15 – 40% 
 
General farm 
management 
 Initial  MC 
of the crops Management  
of drying 
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According to table 5, the total energy saving potential with the examined methods is 128 – 284 
GWh, which corresponds to the average economic savings of 9 – 19 € per hectare of grain cultiva-
tion area. This indicates that the economic significance of the energy saving measures in grain 
preservation is not very high with the current energy prices, even with energy savings of more than 
40 %. In fact, also in the moist grain preservation, which offers the largest energy saving potential 
when examined as an individual method (Figure 33), the major part of the economical savings 
comes from the decreased fixed costs, as indicated by the Figure 28. However, while the total direct 
energy use of arable farming in Finland is ca. 2500 GWh (Luke 2012), the total energy savings in 
table 5 corresponds to 5–11% of the total energy use. This implies that the energy saving potential 
in grain preservation is significant with respect to the total energy consumption in the arable farm-
ing sector.  
 
Table 5 considers the examined energy saving measures in grain drying individually. Further bene-
fits could be achieved by combining these methods. The combinations of the methods were not 
discussed here as they were not examined during the research work. However, it may be assumed 
that additional benefit can be achieved by combining the heat insulation method with the process 
control or heat recovery methods, since their effects are based on different phenomena. Using the 
process control method together with heat recovery would probably not provide significant addi-
tional benefit since the sensible heat of the exhaust air will be at least partly utilized in the heat 
recovery process. Further research could focus on finding the optimal combinations, considering 
both energy efficiency end economy, from the methods examined in this work. 
 
Considering only drying, the highest energy saving potential is found from heat recovery. Even sim-
ple and low cost passive heat exchanger may provide significant energy savings. Additionally, even 
though the problems related to the heat pump systems discussed in the chapter 4.1.3 exist, some 
new heat pump installations for grain dryers have recently been introduced in Finnish markets (Ca-
lefa 2015). Another method for significant energy savings in grain drying could be found from en-
hanced use of ambient air or low temperature drying, but these too have some problems in the 
Finnish climate, as discussed in chapters 3.1.3 and 5.5.1. Converting ambient air drying to low tem-
perature drying introduces additional energy requirements to the process, but when conducted in 
thick layers it benefits from the high exhaust air humidity and thus effective energy utilization. For 
large capacity drying systems it could hence be feasible to invest in low temperature drying bins in 
addition to a hot air dryer, which would enable combination drying as discussed in chapters 3.1.6 
and 5.5.1. 
 
The energy saving potential via management measures in grain preservation is difficult to estimate 
numerically since there is no available information about the current average situation. It is how-
ever important to recognize the factors discussed in chapter 5.5, since both the initial moisture 
content of the crops and the final moisture content after the drying process may have a significant 
effect on the energy consumption in grain preservation, and drying in particular, as indicated by 
Figures 30 and 33.  One fundamental problem considering management of drying is the lack of a 
robust and reliable on-line grain moisture sensor, which would help to reduce over drying and pro-
vide aid for the process control. 
 
General farm management activities, such as attending the condition of the soil or timing of the 
field operations, affect both the yield levels and the initial moisture content of the crops at the 
63 
 
dryer, and they have thus multiplier impacts on the economy and energy consumption of the farm-
ing. With proper management the utilization of the inputs is effective, which leads to high total 
energy efficiency of the production system. Another thing to consider is the balance between drying 
costs and higher yields produced by the longer growing time varieties. However, according to table 
5, the economic significance of even considerable large energy savings is not very high with the 
current energy prices, and the increased profit due to the larger yields provided by later varieties 
can easily dominate over the increased drying costs. With the current grain prices, the economic 
savings in table 5 are equal to a yield increase of only ca. 100 to 200 kg/ha. 
  
64 
 
6 Conclusions 
Results from this work indicate that realizable potential from moderate to significant energy savings 
in grain preservation exist as well in technological, methodological and managerial levels. Drying 
alone offers energy saving potential of 5% to 40% by utilizing the technologies such as real time 
process control, heat insulation of the drying equipment and heat recovery from the dryer exhaust 
air. The highest energy saving potential in drying is found from the heat recovery applications, but 
further research is necessary to ensure their practical operability and profitability. The utmost high-
est energy saving potential in grain preservation is provided by enhanced utilization of moist grain 
preservation  methods  for  home-grown  feed  grain,  which  enable  energy  savings  of  50%  to  90%  
when compared to drying. The combined energy saving potential with all the studied methods was 
20% to 43%, compared to the current total energy consumption in grain preservation in Finland. 
Even though significant energy saving possibilities in grain preservation were recognized, their ef-
fect on the economy of farming is quite modest. This is caused by the large proportion of fixed costs 
in grain preservation, and particularly in drying. However, measures taken here can help to achieve 
the national and EU-level energy efficiency targets, and if energy saving measures of this magnitude 
could be found in other areas of the agricultural production, their combined effect would be highly 
significant. Furthermore, while the farms sizes are expected to grow also in the future, the energy 
saving measures in grain drying will become increasingly important, especially if the energy prices 
increase at the same time. This will then lead to a win-win situation considering the economic profit 
and energy savings, which is the ultimate incentive towards more energy efficient production. 
In addition to the energy saving methods examined in publications I-V, the causations between 
energy consumption in grain preservation and farm management activities were pointed out and 
analysed in this work. Even though any specific figures about the effect of farm management on 
the energy consumption in grain preservation were not given, it is essential to recognize the exist-
ence of these connections, since they may have a significant effect not only on the energy con-
sumption in grain preservation, but on the energy efficiency of the whole production system. Thus, 
considering the conclusive remarks above, this work seems to have reached its goals with respect 
to the objectives 2 to 4, defined in chapter 2. The actualization of the first objective, “To create an 
insight into grain preservation from the aspect of energy use”, I leave for the reader to judge. 
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